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Abstract

A robust controller for the approach and landing
phase of the Short Take-off and Landing (STOL) F-15 is
developed via LQG/LTR (Linear System model, Quadratic cost,
Gaussian models of uncertainty, used for controller
synthesis, with Loop Transmission Recovery techniques of
tuning the filter in the loop for control robustness

enhancement) methods. Reduced-order full-state feedback

controllers are synthesized using CGT/PI (Command Generator

Tracking feedforward compensator to incorporate handling
qualities, with Proportional plus Integral feedback)
synthesis, specifically using implicit model following to
provide good robustness characteristics in the full-state
feedback case. The robustness is fully assessed using
realistic simulations of the real-world system with
meaningful deviations from design conditions. Once a
Kalman filter is embedded intoc the loop to estimate statas
rather than assuming artificial access to all states, LTR
methodology is used to preserve as much robustness as
possible. A full assessment of performance and robustness

of these final implementable designs is provided.
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I. INTRQDUCTION

1-1 Backaround

Alrcraft flight control laws must be designed so
that the alrcraft will achieve satlisfactory response not
only to design conditions, but also to real-world
situations. The differences between the real-world
conditions and the mathematical model used in the
development of the controller stem from the fact that there
are not really nth-order systems in nature, only ntP-order
models of physical phenomena. The controller is usually
designed from a model of reduced order from the original
system model and, in general, lgnores nonlinearities. Once
designed, the controller will face unmodelled disturbances
on the system and variations in the parameters of the
system from the design conditions. A controller that, In
the face of the above conditions, ylelds a closed-loop
system that Is stable and retains some measure of
performance, is termed a robust controller. This Is one of
the main goals in flight control design.

Currently there are several approaches that are in

- use in control design. Many use time-domaln techniques,

which call for a system modelled as linear and manipulated
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under linear system theory to develop control laws to be
implemented on a digital computer [(1,3,8,27]1. Other
approaches i{nvoke the frequency- domain theory of classical
control techniques and the benefit of readily understood
graphical stabllity analysis (7,8,13]. The design method
employed in this thesis combines the ease of implementation
of the time domain techniques with the avallability of
stabllity and stability robustness insights of frequency
domain techniques.

This method assumes that the system to be controlled
can be modelled as a linear system that may have dynanmics
disturbances or measurement corruptions represented as
Gaussian processes, with a scalar quadratic cost function
to be minimized for controller synthesis and is Known as
Linear~@Quadratic-Gaussian (LQG) design {201. The
controller to be designed will be a Command Generator
Tracker (CGT) which provides feedforward control, a

Proportional plus Integral (PI) controller to provide

feedback control, and a Kalman Fllter to estlmate the
states in the face of incomplete/noise-corrupted
measurements. The PI controller will be developed using
implicit model following control techniques, so that it
will be as robust as possible [(24]. The Kalman filter,
which has a negative effect on the robustness of the

controller, 1s then tuned using Loop Transfer Recovery

procedures (9,10,15,28] to recover as much of the robustness
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of the corresponding full-state feedback controller as
possible.
1-2 Problen

The purpose of this study is to develop a robust
flight controller for the approach and landing phase for
the Short Takeoff and Landing (STOL) F-15. This digital
controller is designed using LAG design techniques with the
CGT/PI/KF control laws developed with implicit model
following to enhance robustness and LTR techniques used to
attempt to recover robustness lost to the Kalman filter. It
i{s required that the controller, and thus the alrcraft, be
stable and maintain a minimum level of performance in the
face of large parameter variations, such as those occurring
from off-design operation; actuator failure; actuator
saturations; or mismodelled actuator dynamics, either from
errors in the model or from the reduction in order for the
simplification of the mathematical model.

This study has been done concurrently with efforts
using other control design methods for the same flight
arena [(1,7) and with studies using this method and one
other for up and away flight manuevers (14,27]). While it
is inevitable that comparisons between the merits of the
varlous methods will be made, the primary goal of this
research is not to prove which method Is superior, but to

exploit and enhance controller design methodology.
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1-3 Scope

This thesis effort will design and analyze a
CGT/PI/KF controller for the approach and landing phase of
flight STOL F-15 using LQG/LTR synthesis techniques via a
software package originally developed by Capt R. Floyd
{11)]. The controller has been designed about a nominal
conditlon of 119 knots at sea level with a llight gross
welght and in a landing configuration. This controller |is
subjected to robustness analysis and, if required,
robustness enhancement. The analysis 1s accomplished by
means of a linear covariance analysis tool developed by Lt.
A. Moseley [25]) and by a nonlinear analysis tool originally
desligned by Capt. W. Miller (24] and modified for this
study. Robustness enhancement will be attempted using the
discrete-time modiflcatlions of techniques developed for the
robustness enhancement of continuous-time regulators by

Doyle and Stein (9,101,

1-4 Segyence of Presentation

Chapter 2 of this thesis develops the CGT/PI
controller, starting with a proportional regulator, then
adding the integral characteristics to get the PI

controller. These are then combined with the CGT to form a

CGT/R and CGT/PI controllers, followed by a discussion of

model following controllers. Chapter 3 adds the Kalman
filter to the CGT/PI/KF controller and discusses the impact

of the filter on robustness as well as a robustness

PR aaY \..- R S O AL LA A S CR LA LA LA PO LR LR PR PR L SR TR LR LR CRL L GY
X O WL
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II. QG _CONTRO RY

2-1 INTRODUCTION

This chapter shows the development of optimal Linear
Quadratic Gaussian (LQG) controllers for continuous-time
systens having sampled-data measurements. The development
starts with a full-state feedback model, as will be
described in Chapter 4 for this particular application,
assumning perfect measurements. The inaccessibllity of all
states and imperfection of measurements will be considered
in the next chapter.

The three controllers to be developed are the
proportional regulator, the proportional plus {integral
controller (PI)> and the open loop Command Generator Tracker
(CGT). Either the proportional regulator or the PI
controller can be combined with the CGT and a Kalman Filter

to provide the controller for the alrcraft.

2-2 PROPORTIONAL REGULATOR
A continuous-time system is assumed to be described by
means of the linear stochastic dlfferential equation
Z(t) = FC(t) x(t) + BCL) ult) + GCt) wl(t) (2-1)
where w(t) is a zero mean white Gaussian noise with
E{u(t) wT(t+v)) = QCLI&CT) €2-2)
The aircraft considered in this thesis is a
contlnuous-time system with sample-data measurements. It
can be modelled as an equivalent discrete-time model (191,

{.e., the solution to the differentlal equat.on (2-1), by

\\\\\\ 1
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jﬁ e the linear difference equation:

) ECtieg) = BCtiag,tdxCt) + BaCtydulty) +

Ad

.*“0 + Gg(tduglty) (2-3)
Q; where wga(tj) is a zero-mean discrete-time white Gaussian

5, noise with

iy ElugCtduaTct )} = QgCtyd &y (2-4)
W

:'; The ¥ matrix Is the state transition matrix assoclated with
28

" F and By, G3, and Qg are defined in terms of %, B, G, and

: @, as 1s shown in Reference 19.

N

&i An optimal discrete-time LQG controller minimizes the

e

‘{ cost functlional

\ )

bt J=E (1 2TCtnsp) Xg X(tpey) +

9 2

S .

L T n [P T[RCE)  SCtd] [zt

" +:% - } (2-5)
¥ 1=0 2|uctyd] 8¢t T veepd] lucepd

EQ where t, is the last time at which a control may be

applied, and a zero-order hold is used to keep the control

?3 inputs constant over each time interval. The welghting

‘; matrices X¢ and X(ty) are positive semi-definite and the

i? UCty) veighting matrix is positive definite. The X¢ matrix
" is used to control the cost at the final time due to state
.3 deviations from desired values (zero for perturbation

i states) and the X matrix weights the state deviations at

3& the individual sample times. The U matrix is the welghting
% matrix that determines the cost of applying controls to the
E: states. The 8(t;) matrix s chosen so that the symmetric
‘ﬁ ?f§ composite matrix in Equation (2-3) is positive senmi-

e 7
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:3;3 o definite and is used to welght the cost of cross=teras.
J‘; This cross~term matrix’s main use Is to exert control over
Y
&;: the entire interval and not just at the sample times as
W f‘)" )
e would occur with 8(ty) = 0 (20].
:3 For this problem, the LQ optimal full-state feedback
;)% control law is given by
b
N
kil u¥(t )= =Go*(ty) g(t;) (2-6)
i where G *(t;) Is the solution to
p
:§f. Ge*(tyd= (U+BqT KoCtys1)Bgl 1 (BqTKo(t 428481 (2-7)
’
3?' and
X
2 Kc(tyd= X+ BTKo(ty,1)8=-(BgTKo(ty,d8+8TITG *(ty)  (2-8)
- S
}£- which is a backward running Riccati difference equation

with a final condition

. KeCtnst? = Xg¢ (2-9)

3;5 This controller is represented by the block diagram

LES in Flgure 2-1.

)

P 2-3 PROPORTIONAL PLUS INTEGRAL (PI1) CONTROLLERS

;?% The preceding regulator may not be satisfactory when a

5‘ nonzero steady=-state control must be applied with a zero i
?g input to the controller. For example, when the input to i
;ﬂz the controller is the tracking error between desired and 1

actual values of the controlled variables, even when this f

t
K4

input 1s 2ero, we want the controller to generate the

=
.

Patia gl -
Aty Ay
«

“ﬂ; (generally nonzero) output to maintain the system at
o
r - equilibrium conditions to maintain zero tracking error.
S
ﬁ} o This can be achieved if the controller includes integral
¥ /'\:
.’":
" 4,
o 8
L
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action, which is especially beneficial in generating zero
steady state mean tracking errors in the face of unmodelled
constant disturbances. This desire to achieve the “type-1
property” (20] motivates the use of a PI controller (Flg.
2=-2) with its summation (or pseudo-integration) of the
regulation error {yq(tjd=- yc(tyd} in controlled variables,
where y. 1s the controlled variable and yq is the reference
signal which provides the input to the controller.

The incremental form of the PI controller will be
implemented in this thesis. In this form of the
controller, only the changes in the states and commands,
and not the states and commands themselves, are used to
generate increments in control relative to the value at the
previous sample instant. This form is preferable, as
initial conditions for the controller states are not
required and relinearization about nominal values |s easier
in applications where the system is nonlinear. This form
also lends itself more readily to antli-windup compensation
(201, which is an important consideration for flight

controls that are easily saturated.

2-3.1 Control-Rate Pseudo-Integration for Sampled-Data Systems

In Section 2-2, the equivalent discrete-tinme difference
equation was derived from a contlinuous-time system model
and took the fornm

E(ty4q) = Bg(ty) + Bgulty) (2-10)

with the noise vector deleted by virtue of the certainty

10
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equivalence principle. Thlis principle states that, In the
generation of an LA@G controller, the controller galns can
be evaluated on the basis of the corresponding
deterministic optimal L@ control problem, and then the
full-state feedbacks are replaced with Kalman filter state
estimates [20].

For this thesis, we will use perturbation state and
control variables, 8x and &u, respectively, defined as

gx(ty)

x(t)) - x, (2-11)

Sgu(ty) ulty) = y, (2=-12)
where x, and u, are the nominal values of the states and
controls that maintain the system at the equilibrium trim
operating condition to maintain desired output values.
Assuming that the system output is a llnear comblnation of
the states and controls, we can write:

Eclty) = Cx(ty) + Dyulty) (2-13)
To find the nominal control, ug, that will hold the system
at the equilibrium operating point, such that y. equals the
deslired system output,yq, Equatlions (2-10) and (2-13) yield

Xo = Ex, + Bgu, (2-14a)

¥4 = CEo + DyYo (2-14b)

0 (R-1) By %o
= ] (2=-15)
¥a c Dy Yo

which must be solved for x, and u, in terms of y3. The

or

solution to Equation (2-15) ylelds
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Therefore,
Zo = ¥12¥d Yo = ¥22¥d 2-17)
We can write Equation (2-12) for time t; and subtract
it from Equation (2-12) for time tj,; to get
Sultisg) = QuCtd + fultisp) = uCtp] €2-18)
which {s the discrete~-time equivalent of an integration.
Defining
Qudty) = ulty,g) - ulty) (2-19)
as the control pseudo-rate, Equation (2-18) becomes
dulty,yq) = gudty) + qulty) (2-20)
Using Equations (2-10) and (2-20), an augmented state

equation can be written for the perturbation variables

#4x(ty) and #u(t;) with the control pseudo-rate as the

input:
dx(ty4y) ¥ By ex(ty) Y

= + ultyd) (2-21)
dultisyd o I gu(ty)

2-3.2 Achjeving Type-1 Coptrol
In her theslis on robust flight controllers (151, Lt

Jean Howey employs previously developed theory (20] to show

that the desired integral characteristics can be achieved
by manipulating the discrete-time equivalent of

u¥(t) = -K; x(t) + K, It lyg = yo(m1 dr  (2-22)

which Is given by

13
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i-1
u¥Cty) = ~Ky 2(ty) + K; & (¥a = Ycltydl] (2-23)
y=-1
This discrete-time equivalent equation is then put into
incremental form and rewritten as a perturbation equation
to yleld:
SuXCty41) = 8uXCty) - KpldxCtisg) - 8x(ty))
(2-24)
- Kz (C&x(t)) + Dyducty)]
The above result is then compared to the optimal
regulator solution shown in Section 2-2 as augmented by the

control pseudo-rates and subject to a quadratic cost

critertion:

s - L 8xttnyd | T|Xe O 8x(tn41)
2 |gultpyy) o o Bultpn4y)
sxced] T Xy X512 S 8x(ty)
+1g-1 % Sucty) X127 xzz Sa Sucty) | (2-25)
auctp) 8;T 8T v quct )

where X;; is the welghting matrix assoctaited with state
deviations from the nominal state trajectory, X322 weights
control deviations from u,, and U is the weighting matrix
assocliated with control pseudo-rates. This U matrix gives

the designer a tool with which to place a weighting on the

rate of change of control inputs and thereby enable him to
lterate on the design readlily so as to prevent the system
from commanding actuator rates greater than physically

realizable. The X¢ matrix wélghts deviations of the state

at the final time. The cross terms, X;2, Sy, and S3, are a
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¢(; by-product of the conversion of the system from
continuous-time cost to discrete-time cost. This
development is shown in References 10 and 14. The index for
the summation in the immedlately preceding cost equation
begins at -1 rather than zero to provide an acceptable
transient response to a change in setpoint, which may be
large compared to succeeding control dlifferences (151].
Applying the optimal regulator solution to Equation
(2-25) and achleving a constant-gain control law by
allowing n—®, the steady-state control law is generated as
Qu¥(ty) = ~Goy* #x(ty) - Goa* &ulty) (2-26)
which, when combined with Equation (2-20), yields:
- QuX(tiag) = Su*(ty) = Goy* &x(t) - Goz* Su*(tp) (2-27)
- = guX(t) - (Got* Geo2*) [@zlrpd (2-28)
[£!<t1)]
Rewriting Equation (2-24) with the upper partition of
Equation (2-21) ylelds:

ultisy) = Sulty) - (Kg K1 [C(B-I) Bg| [&xctpd
C Dy |&uttp (2-29)

which, when compared with Equation (2-28), shows that

(E-1) Bg | -!
(Ky Kzl = [Ggi* Gga*! (2-30)
c Dy

and therefore

w1 w2
[Ky Kz) = [Gei* GgzX) (2-31)

w21 W22
This equation gives feedback gains as follows:

- Kx = Goy* wyy + Ggo2* way (2-32a)
\._T.l)'
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Kz = Go1* w2 + Go2* wosp (2-32b)

where G.o1* and Goo* are found via the augmented state
regulator solution and wyy, wy2, w21, and w232 are defined
in Equation (2-16). This leads to the incremental form of
the PI controller:
QurCtyy)) = Qu*(ty) = Ky [8x(tj14y) - &x(ty)]
+ Ky (¥a€tisg) = ycltyd) (2-33)
which achieves the desired Type~1 control. It is proper

that the time indices for the last two terms do not match

[20).

2-4 COMMAND GRBNERATOR TRACKER

This section presents the fundamentals of Command
Generator Tracking, a formalization of numerous model
following concepts. For a more complete development of
these controllers, see also Reference 20 and the work of J.
R. Broussard [(5,6).

For a given system to maintain desired trajectories
in real time, 1t must respond appropriately to commanded
fnputs and must reject disturbances. Both the desired
trajectories and the disturbances to be rejected are
fornulated as the outputs of linear system models. The
command generator model |s defined as

Zn(t) = Apgga(t) + Buua(t) €2-34)
with the output equation of
Imlt) = Cpxu(t) + Dpup(t) (2-35)

In the discrete form, these equations beconme

16
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Enltisg) = Baxalty) + Bapua(ty) (2-36)
and

Ialti) = Cuxp(ti) + Duup(ty) (2-37)
Note that the Cy and D, in Equation (2-37) can be different
from those in Equation (2-35) to reflect the desire to
control variables over the entire sample period and not
just at the sample times (20].

The objective of the CGT controller is to force the
output of the system model to match the output of the
comnand model,

Yc(ty) = Yul(ty) (2-38)
where yo(t;) Is the output of the linear time-invariant

systenm
XCty,q) = ExCty) + Bqult;) + Egng(ty) (2-39a)

Yc(ti) = Cx(ty) + Dyu(t) +Eynq(ty) (2-39b)
In the above equations, nq 1s a disturbance modeled by
Ba¢ti+1) = Epnq(ty) + Banbcemd(ti? + Gan¥an(ty) (2-40)
where ncpd ls the commanded input to the disturbance
shaping filter (here assumed to be zero for simplicity),
and Wygn(.,.) is a white Gaussian noise with mean of zero
and a covariance Qqn.
The error that arises from deviations at any time t;
ls
e(ty) = yety) = ¥alty) (2-41a)
or, from Equations (2-13) and (2-37),
x(ty)

aqlty) Un(ty)d




‘.
Y A

&‘g. “

| ]
| 3
':Q
l‘|
;‘4‘
o
N r~
B -<tﬁﬁ
@
'}
14
|
N
b
'l
3
Ly
[t
, L]
o'
W]
.\'_
:;.
1
-' .
4_"'(
¥
- @
g
“hegy

--ﬂ.--’..
P FbE Pl

-

\J
4
|

£,

1

y
1

+

U

h ‘r"enf\\'

WUV LMt Ate Rl Al da Ria Zve dun hes SCE S A0 il f R Bt A R A Sl Rt " St 4t Sak dink Sad Sald ek Sk ek

When this error is zero, the system is said to be tracking
the "ideal state trajectory.“(11] This ideal system must
be defined so as to satisfy the original state and output
equations and so must take the form

XpCti4+1) = Bxy(ty) + Bgurlty) + Egnq(ty) (2-423)

Y1(ty) = Cxr(ty) + Dyur(ty) + Eyng(t) (2-42b)
where %1 and y1 are the ideal state and output vectors,
respectively. The ideal system must also malntain zero
error between the system and command model outputs, (le,

e(t:) = 0), so that y7 equals y, for all time t;, or

XpCtyd
[C Dy Ey) |up¢ty)| = [Cyp Dyl [gn(tp) (2-43)
nglty) UpCtyd

The ideal plant response must also, by assumption, be a
linear function of the model state, model control,

disturbance state, and, if applicable, disturbance control

Input: [15]
gr(ty)d Aiy By2 A3 Em(ty)
= Az Agp A2z3 Up(t;) (2-44)
apdty) ngty)d

2-4.1 Open=-Loop CGT

To solve this open loop CGT problem, the equations
that the Aij matrices in Equation (2-44) must satisfy have
to be set up and solved. By augmenting the forward
difference expression for xy(t;) from Equation (2-42a) with

Yr¢ty)> from Equation (2-42b):

18



. Xt > = x1(ty)
£¥$ I*i+1 IY*1
yrityd
(B-I)> Bg||zr¢(tyd Eg
= + ngdty? (2-45)
C Dy|jurctp Ey
By substituting the assumed forms of xy(ty)> and ur(ty> from

Equation (2-44), this beconmes:

ErCty4) = xpcty)d (8-1) Bg||Ay1 A2 Ap3]| | zmCty)
= Upltyd
¥retyd C Dy||P21 A22 Az3]| | Batty>
+ |Ex | Dglty) (2-46)
Ey

The forward dlfference expression for xy(ty) can also be
obtained by writing the upper partition of Equation (2-44)

for times tj and t;,y and taking the difference to yield:

éfﬁ Ig(tyisy)-Eplty)
(xpCti4q)-27Cty1)) = (A1 Ag2 A13) |up(tisrd=un(tyd (2-47)
ng¢ty+12-ngq¢ty)
Assumning u, to be elther constant or at least slowly
varying with respect to the sample period (l.e.,
Up(tis1d-uplti) & 0), using the state models for x, and ng
as given in Equations (2-36) and (2-40) respectively, and
deleting the dAriving noises ylelds:
[xrCtyypd-xpCtyd) =
(Bp-1) Bgnm 0 Zp(ty)
= [Ayy A2 Ay3]) 0 0 0 upty)d (2-48) j
0 0 (¥,~-I) nqlty?d |
Using the fact that yr=y, for all time t;, one can write
the expression
Yi€tyd = (Cy Dyl [En(ty) (2-49)
I‘.f_‘:ﬂ !n( t H )
:n "\. 7
s
»
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Multiplying the matrices of Equation (2-48) gives

o
’ ErCtis)=grCty) | =
¥reeyd
Ay1(Ep-I) A{1Bgn A3(¥E,-DID Zp(ti)d
) = upCtid| C2-50
) Ca Dn 0 ngtti)

Equating the two expressions for the forward difference of

21(t;) and the output yp(ti), Equations (2-46) and (2-50),

yields:
(¥-1) Bg Aij Aj2 Aq3 Eplty) Ex
c Dy Azy A2 Az3 J|um(ty)| + {Ey]| Bng¢ty) =
ng(ty)d
nqty)

which can be rearranged into:

[(I-I) Bd] [A11 Ays Ayg
Sy c D Ay Az2 Az3
< Y
Ap1(Bp-I) Aq1Bgm A13(E,-1)-Eyq En(ty)

nglty)
Since this expression must hold true for arblitrary Xp, Up,
and nq at any glven sample time, the quantity in the braces

must equal the zero matrizx. Therefore,

Ajy A2 Ag3 =
Az21 A22 A23
= ey wyz] [A11¢Ep=1> A;Bgm A13(!n-1)-Ex] (2-53)
w21 W22 n Dm -Ey
which can be written as the following set of partitioned

equations:

Ajy = wy (A1 (Ep=I) + wy2Cp (2-54a)
Aio = wi{A{1Bgm + ™12Dn (2-54b)
4
& B3 = wy|A;3(Ep-1) - wi(Ey - wy2Ey (2-54c)
20
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A21 = w21l (Hg-1) + w22Cy (2-%544)

o A22 = W21A11Ban + w220, (2-54e)
“

o R23 = W2 A13(Ea~1) - w3 Eg = wpoEy (2-54f)
5? Equations (2-54a) and (2-54c) are of the form X = AXB + C,
;3 assuning 8y and/or ¥, are not the identity, and can be

ﬁ solved numerically for X (4). Achieving a unigque solution
;: by the above method is dependent upon the following

< relationships. First, the product of any of the eigenvalues
- of wy; and any eigenvalue of (i ,-I) must not be unity and
iy

3’ second, the product of any of the eligenvalues of wy; and

.. (8,-1) also cannot equal one.

[} ™

fi Once Ayy and Aq3 are determined, the rest of the Aj;
X

3 ig% matrices can be evaluated and the open-loop CGT law can be
% written from the lower partition of Equation (2-44) as
(113:
8 UrCty) = Ax(xalti) + Az2unpty) + Azang(ty) (2-55)
e The open-loop CGT is shown in Figure 2-3.

e 2-4.2 CGT/Regulator
'e The open-loop CGT law i3 usually not appropriate as
its it can not be used with unstable plants or plants with
52
;} undesirable performance, and it cannot handle the uncertain
] paramseters or unmodeled disturbances that generally occur

o in the true system. Therefore, to force the perturbations

s
f%\ from the ldeal plant trajectory to zero, a feedback

"
i X controller must be developed. The first step in this

'3 &

{; S process is to assume that the open-loop CGT law, uj(ty) has
.
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been evaluated for all t;, ylelding the ideal state
trajectory gr(ty) for all t;.

To generate the LG optimal regulator for the
deterninistic system, or by certainty equivalence, the LQG
regulator for a full-state feedback sytem, perturbation
variables must be defined:

8x(t;) m x(t;) - gy(ty) (2-56a)
SuCdm yCtyd - uplty) (2-56b)
SYc(ty) 8 ygo(ty) ~ yrlty) = yoltyd - yulty) (2-56¢)
This ylelds a deterainistic perturbation state equation of
83(ty,1) = BEE(ty) + Badult,) (2-57)
and a steady state constant-gain LQ optimal regulator law
as
gulty)> = -G *gx(ty)d (2-58)
This can be written in the preferred incremental form to
yield an equivalent closed-loop CGT control law [{20] of
Ultier) = uCty) + (updtyyeg) - vyt
+ GXIgpCtieg) = EpCtyd) + GoXlgCty4y) = (L))

(2-59)

2-4.3 Closed-Loop Command Geperator Tracking with PI Control
The derivations of Sections 2-3.2 and 2-4.1 may now

be combined in a closed~loop CGT/PI controller. This

controller will force the actual systea’s mean output to

match that of the command model in steady state, even with

some modeling errors; it can handle constant unmodeled

disturbances as well as the modeled ones; and it includes

the model control’s feedforward contribution to the real
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system control signal.

In the previous sections, it has been assumed that up,
is constant from t, forward. In reality up will change and
this will conceptually cause the time index to be set to
zero. Thls causes an inconsistency in the definition of
the ideal trajectory. To avoild this, the actual
Implementation of the command generator model to take the
form [151]:

EmCtis)) = EpxnCti) + Bgnum(tis+y? (2-60)
as opposed to the form of Equation (2-36).

Using the open-loop CGT law uj(t;) of Equation
(2-55), the associated ideal state trajectory xy(tj) of
Equatlon (2-423a), and defining the {deal trajectory of
control differences as:

Qurctyd = urltj4g) = updeyd
= Ao lxpCtiseg) = ZnCtid] + Aaglng(tisg) = nglti;dl (2-61)
The deterministic augmented perturbation system state
equation ts similar to Equatioen (2-2%), but with Au
replaced by 8485, where 42 is defined by
SAuCt) = Aulty) - Aurt;) (2-62)
The LQ optimal perturbation regulator solution to this
system is given by:
8Qulti) = =Go1*8&x(t{) - Ggop*8ult) (2-63)
Substituting for §4u, &x, and &u; and shifting the time

argument backward by one sample period ylelds:

24
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X
;& £os WCty) = glt () + AQqlga(ty)-xa(t;_¢)] +
. + Dp3lpaltyd-nglty-1>) -
o = Ge1*(gCty-1)=RA11XnCti-1)=A124n(t )-A1304Ct)-1)) -
§¥ = Ge*lulty-1)-A2 EmCti-1)-R22un(t1)-A230a¢t 1))
}5 (2-64)
'3: vhich, while being in the incremental form, is only a
;’} type-0 controller. Note that the time arguments on both
. yy's reflect the modification of Equatlon (2-60)
-K‘ The desired integral property can be achieved by a
%% controller of the form:
5 Qulty) = gulty ) - (Ky K;) [g;(t,) - 8xCty-y)
:. 8¥clti-1) ] (2-6%)
:?ﬁ Using the perturbation variables defined in the previous
:5 ~ section, Equation (2-65) can be written as:

. Lo ult ) = upCtd) + yltjoq) = urdt.y)
E;ﬁ - KglgCty) = xCtjo1)) + KglgyCt{d=grCti-y))
2 + KylymCtyogd-geltiog)] (2-66)
;) Writing the backward dlifference of Equation (2-44) ylelds:
: £I<tt)'!t<t1-l)] [“11 Ar2 A13] [s-(t|>-!-‘tt-1)]
- = UpCtid-uptti-1> | €(2-67)
- [!1<t1"!1(t|-1? A21 A22 A23] Log¢tid-patti-1)
gﬂ This can be substituted into Equation (2-66) to ylield the
:% desired incremental form of the CGT/PI controller (201]:
:ﬁ gety) = yctjog) = KglgC(tyd=gcty-q))

‘ + Kz (Cy Dgl galtj-1) =(C Dyl) x(ty.y)
“ Um(ty) ulty-y) ‘
£ + (KgAp1#Az1) (ZpCtid-Za(ti-1)] |
:é . + [KgAj3+ha3) [pgCtid-nalti-1>) (2-68)
By % which Is shown In Flgure 2-4.
-
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2-4.4 Model Following Controllers

The CGT/PI controller derived in the above section lIs
an example of a model following controller. The CGT is an
explicit~ model following controller, in which the command
model used is the ideal performance model, possibly
including a dlisturbance rejection model. The CGT and the
explicit-model follower are feedforward phenomena and have
no effect on systeam closed-loop properties [(20].

Inplicit model~-following control may be added to the
PI regulator by the Inclusion of an implicit model into the
performance index. The PI controller forces the
perturbation outputs of the system to mimic the dynamics of
the implicit model. The addition of the iaplicit model
Incorporates welghts on deviations in the rate of change of
the output variables from the desired characteristics and
also on the control pseudo-rates. As the implicit
model-following controller is a feedback phenomenon, it
directly affects the closed-loop characteristics of the
system, including stability robustness [11,20,21].

The following derivation of the implicit model
following controller is for the continuous-time full-state
feedback regulator, but the concepts have been extended to
sanpled-data Pl controllers (11,24]). Consider a full-state
feedback system adequately described as the linear
time-invariant model:

E(t) = P g(t) + B u(t) (2-69)
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with a quadratic cost function defined as:

b

Jp = % I' (xTeoxxced + uTcorvucer) ae (2-70)

0

&;i which places a gquadratic penalty on deviations from zero of
i; both state trajectory and control energy. Gliven the
‘:)‘ infinite tine interval of Equation (2-70), a constant~gain
Ei; full-state feedback coantrol law, derived using L@ synthesis
.iﬁz techniques, would take the form:
. uX(t) = -G *x(t) €2-71)
'Z§ or, for the case of an equivalent discrete-time system as ‘
! EE shown in Section 2-2, the law would take the form of
i;m Equation (2-6), as defined by Equations (2-7) through
‘E (2-9).

T
ARG

It is assumed that the system outputs can be written

as:
Yc(t) = Cx(t) (2-72)

a linear combination of the states. 1If the desire is not

A AR
it N

L. 4
"t’

éj to drive the components sf the state vector to zero, but to
JQQ force the system output to match the dynamics of a given
:ig model system depicted as:

o Yal(t) = Faya(t) (2-73)
-fj the cost In Equation (2-70) assoclated with the state
@gi deviations would change from zTX3y to (i-!.z)TYI(i-P.x). By
\32 combining this relation with Equations (2-69) and (2-72),
';, the cost function may be rewritten as:
:ﬁg Jy = W dg (xTXyx + uTuu + 22TSpul at (2-74a2)
%ﬁ where

R % X; = (CP = FaOOTY[(CF - FpC) (2-74b)
i

e 28
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Up = U + BTcTy;cB (2-74c)

81 = (CF - F,0>Ty[CB (2-744)
As with the S matrix of Equation (2-5), the purpose of the
81 terms in Equation (2-74a) s to exert control on the
rates of change of system outputs. Given this cost
function, the control law in either Equation (2-71) or
(2-6) can be synthesized by LQ techniques [21,24).

At thils stage In the development of a flight control
lav, the goal is to design as robust a controller as is
possible, to set a bound on performance that, once a Kalman
fillter is embedded in the loop, will be asymptotically
approached using Loop Transfer Recovery (LTR) robustness
enhancenent techniques. It has been shown that, to decrease
the sensitivity of the controller to parameter variations,
and therefore, make it as robust as possible, the
closed~-loop elgenvectors should be kept as orthogonal as

possible (12,24). This may be accomplished by the proper

L

A

selection of the implicit model and the welights on the

I
S Vs

il
LN,

o
'

control pseudo-rates and on deviations of output

e 3

derivatives from model derivatives. With the controller
designed for robustness, the technique to be discussed in

the next chapter may be used to recover some of the

robustness lost from the inclusion of a Kalman filter.
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Ry 2-5 SUMMARY

This chapter developed the deterministic optimal LQ
controllers for continuous-time systems having sampled-data
measurements. The development began with a simple )
regulator, and then a proportional plus integral controller
was described. Next, a command generator tracker was
developed and was subsequentiy combined with the regulator
and the PI controller, respectively. Finally, model
folloving controllers were discussed, along with their
contribution to system robustness. In the next chapter
uncertainty and incomplete measurements (versus full and

perfect access to the states) will be introduced, requiring

the addition of the Xalman Filter.
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ITI. KALMAN FILTERING AND ROBUSTNESS

3-1 Iatroduction

In the previous chapter, controller development was
based implicitly on the assumption that all of the states
of the assumed system model were accessible and measured
perfectly. This is obviously not the general case which
involves incomplete, nolse~-corrupted outputs of physical
sensors. The Kalman filter is often used, and is developed
here, to generate optimal estimates of the states from the
outputs of these sensors (22). By certainty equivalence
(201, this structure then provides the optimal stochastic
controller under the LQAG assumptions.

The addition of the Kalman filter into the loop has a
negative effect on the robustness of the system, 1.e. the
abllity of the system to tolerate design uncertaintlies
while providing stable characteristics and desired
performance. This chapter will address a specific form of
Kalman filter tuning as a method of asymptotically
recovering the good robustness characteristics achleved for
full-state feedback controllers via Implicit model

following in the previous chapter.

3-2 Kalman Flltering
The CGT/PI controller of Chapter 2 assumes full

knowledge of all system and disturbance state vectors. In
general the states are not entirely available directly frona

measurements of the states, but are only avallable as

31
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sensor measurements, often Incomplete (in the sense that
there are not separate measurements of all states of
interest), and corrupted by noise. This motivates the use
of a Kalman fllter to generate estimates of the states. A
development of the Kalman fllter follows, but for a more
in-depth explanation, see Reference 19,

The available sampled-data sensor outputs are assumed

to be modelled by:

z(ty) = Hx(ty) +y(ty) (3-1)
where H 1s the measurement matrix and v(ty) is a zero-mean
white Gaussian nolse with

E(y¢tpyT(yd) = R 8y, (3-2)
This measurement nolse is assumed to be independent of the
dynanics driving noise.

Through the use of Bayes rule, the optimal estimation
algorithm (Kalman filter) can be defined in terms of the
conditional mean and covarliance of the state vector just
after a measurement has been incorporated :

;(t1-1+) ®m E(xCty_1)i2Ct ) = By-q) €3-3)
P(tj-y4¥) = E(t;(t,-,)-;<t1-1+)l(;(ti-l)-;(t,-1+)lT
12Cty-1)=B 1) (3-4)
where Z2(t{_.y) is a composite vector of the entire
measurement history and 31.; 1s a vector of the
realizations of Z(ty.y). These values are propagated to the

next measurement time to yleld :

X(t{™) m E(Z(t()IZCt . )=B4_1} (3-5)
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Using these relationships and the system equation from 1
\

o Chapter 2, the Kalman filter equations are as follows:

s 2(t;") = B g(t{-q*> + Bg ult{_) (3-7a)

;¥i PCti™) = B P(ty_1*) 8T + Gg Qg(ty.1) GaT (3-7b)

2% KCty> = PCty=) HT (H PCty~)> HT + R1 -1 (3-7¢)

i ;(t,+) = ;(t,'> + K(tp) [z - H ;tt,')l  (3-7d)

5}; PCty?) = PC(ty~™) = K(ty) H P(ty™) (3=7e)

gﬁz The Kalman filter is inserted into the loop as shown

L in Figure 3-1. The outputs of the filter are fed into the

?53 optimal deterministic controller, replacing the actual

Qﬁ state x(t;) that was assumed accessible during that |
* {;9 controller’s derivation, which ylelds the control vector l

g%% ulty).

[h
2 3.3 Effects of Kalman Filtering on Robustness

;3. Robustness is the ability of a system to maintain 1

;:ﬁ stability and/or performance in the presence of variations

:{i from design conditions {26). Full-state feedback

,{5 controllers designed via L@ technique, while varying in the

g

degree of robustness, all attain at least a minimum

guaranteed stablility robustness. When the states of the

N

oD controller’s system are estimated by a Kalman filter, much

of the robustness and all of the guarantees are eliminated.

g% The desire in multivariable flight control design is to
. -
I LT achieve a controller that will provide both stablility and
N )
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performance robustness in the face of uncertainties in the

systemn, and at least stability robustness in the presence
of massive changes In system characteristics (21]). These
changes may result from, for instance, mismodelling of the

system, lignored actuator dynamics, nonlinearities, or

failure of control surfaces.

3-4 Robustness Apalysis

In this research, robustness analysis was conducted by
using proposed controllers in simulated, linear and
nonl inear “"truth-model® environments. Flgure 3-2 shows the
basic form of these simulations, where the truth model
differs in structure between the linear and nonlinear
simulations, but the controller does not. The linear
simulation was a covariance analysis using the progranm
PFEVAL written by Lt. A. Moseley for his AFIT thesis (25].
The results of this analysis are the root mean square (ras)
values of the state values and control inputs. For a
linear system, the covariance analysis s preferred as a
single run of the covarlance analysis ylelds the statistics
required for controller evaluation, but, in the face of
nonl inearities, a Monte Carlo study is required (19]1. This
was the purpose of the nonlinear simulation which allowed
for the saturation of actuators, as well as unmodelled
higher-order dynamics, and also variation in the parameters
that were used in the design of the controller.

The tool used for the nonlinear simulation was

35
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3@; originally developed by Major William Miller [24) and was

J.J,J‘_

modified by Lt. Robert Houston and this author.
:q: Originally, the program ODEACT was hardwired for the APTI
F-16 and did not allow for the inclusion of a Kalman filter

v in the evaluation. The modifications to the progranm,

i; renamed ODEF15, include hardwiring of the program for the

§% STOL F-15 and possible inclusion of a Kalman filter with

* Monte Carlo analysis. The actual modifications and a llist

oo of the computer code are included in Appendix A.

E? 3-5 Robustness Improvements

j: Two methods are used In this research to improve the
;? robustness of the controlled system. The first, implicit
ﬁ e model following, is involved directly in the design of the

~ e deterainistic optimal full-~state feedback controller and

;; was discussed in Chapter 2. The second Is the Doyle and

;: Stein technique for tuning the Kalman filter to recover

~ robustness characteristics of a full-state feedback design.
E? In their paper "Robustness with Observers®" [(9), J. C.
ﬁé Doyle and Gunter Stein develop a technique for robustifying
2 a controlled system that is fed estimates of states froa an
Eé observer or state estimator. Assumptions of

;; controllabllity, observability, and minimum phase of the

system design model are made and only continuous time

? systems are considered. The basic claim for this technique
. Is that, if the nappings of the return difference matrices

t: Qﬂ? (the nmnultiple-input, multiple-output analog to the

8
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5 Eﬁl denominator of the single-input, single-output closed-loop
. transfer function) of the observer-based controller are
~§£: asymptotically equal to those of the full-state feedback
,tg controller when the control loops are opened at the point
r)_ of entry of the control inputs, then the robustness of the
:§§ controller will asymptotically approach that of the
;ﬁﬁ: full-state feedback controller.

:r Previous AFIT papers (15,17,21) have extended the
3 % Doyle and Stein technique to discrete-time measurements and
g;% have attempted to use this method in conjunction with a PI
) controller. The technique was successfully appllied to a
?25 discrete-time regulator, but could not beneficlally be
:ggf ‘ implenented with a PI controller. The discussion of the
H'. Q;” discrete~timne methods below involves an approximation to
,5{ the continuous-time case and these mehtods are set up for
3§E robustness enhancement of regulators as opposed to PI
2) controllers.

:%; To implement the Doyle and Stein technique, the
EEE G4@qGaT matrixz of Equation (3-7b) 1s modified such that Gg
""3 is now set to the identity matrix, I, and:

1:_4.:'{: Qa(q) = Qg0 + q2 Bg V BT (3-8)

where Q4o is the original noise covariance as was defined

in Equation (2-4), q iIs a scalar variable that is a

oul function of the amount of robustness enhancement desired,
S
':ﬁi and V is a positive definite symmetric matrix, often set to
PO
L S the identity matrix, I. This can be interpreted as adding a
X '::-. -
::f: noise of strength g2V at the control entry points. The
yES

R '}f‘:
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modified Gg@aGqT 1s now inserted into the Kalman flilter
equations. The resultant controller formed, as a cascade
of a PI controller and the Kalman filter, should be more
robust than the same type controller without the purposeful
retuning of the flilter. Note that when q is zero, the
GgQgG4T 1s unchanged and that, for large (but finite) q,

Equation (3-8) might be replaced with qzadVBdT alone.

3-6 Suamary

This chapter briefly introduced the Kalman filter and
discussed the negative effects of inclusion of the filter
on robustness. A methodology was introduced that consisats
of developing a highly robust full-state feedback law by
the iaplicit model following techniques of the previous
chapter, and then recovering much of the robustness once a

filter {s inserted into the loop by a specific form of

filter tuning.
In the next chapter, the methods of performance

analysis will be presented.
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IV. F-15 PLIGHT C I

o

4-1 Introduction
In this chapter the dynamic equations for the Short

o

Takeoff and Landing (STOL) F-15 will be presented and used

~ ek

to assemble a truth model and the reduced order models

x X

- required for flight control design. To allow for the use
of battle damaged runways, an aircraft must have STOL
capablility. To this end, it has been proposed that
twvo-dimensional nozzles be retro-fitted to an F-15 along
with the addition of canards. The addition of the thrust

vectoring nozzles and control surfaces provides an extra

P S el

degree of freedom to the control engineer in his design of

At A

the control laws for the aircraft. This allows hia to
develop a control system that will minianlze the approach
0 velocity and provide precision touchdown capability.

The design of a flight controller begins with the
alrcraft nonlinear equations of motion, which are
é linearized about specified points in the flight envelope
% and thus provide a number of design models which are
; adequately characterized as linear and time-invariant. The
: data provided for the design was from the McDonnell Douglas

Alrcraft Corporation (McAir) through AFWAL/FIGX (23].

et 4-2 Redyction of Aerodynamic Data
N The data obtained from McAir was in the form of raw
aerodynamic data. This data was entered into a verslon of

v the Conversion and Transformation Program (CAT), developed

. 40
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originally by Mr. A. Finley Barfleld [(3) for the AFTI FP-16
alrcraft and modified by Capt. Greg Mandt, Lt. Bruce
Clough, and this author to conform to the control surfaces
and dimensionality avalilable with the STOL F-15. A listing
of the software code, now called STOLCAT, and a
representative run of the program are given in Appendix B.
This program takes the basic aerodynamic and alrcraft data
and forms a state-space representation for the system for
the point about which the equations of motion have been
linearized.

For the design of a robust controller for the approach
and landing phase, the flight condition of 119 knots (200
feet per second), at sea level, with an aircraft gross
welght of 33,576 pounds was chosen as the equilibrium. For
all controller deslign and robustness checks, it was assumed
that the ailrcraft was known with probability one to be In
the appropriate equilibrium flight condition at time tg.
This point is especially important for the covarlance
analysis as it establishes the initial values for the
covarlance matrix. It also gives the Initial conditions
for the Monte Carlo studies.

For robustness studies, it wvas necessary to obtain the
linear perturbation models for other points in the flight
envelope. These models are used as truth models in the

software employed to evaluate the controller design and are

shown in Appendix C.
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4-3 Design MWodel

In the design of a controller for the specified flight
condition, modifications were required to the state-space
representation acquired from STOLCAT, as the output from
STOLCAT provides inputs from each control surface to each
state vector element. These modifications involved
achleving the proper dimensions for the control lInput
matrix and specifying the output matrix. Due to software
limitations, the number of inputs must equal the number of
outputs, and also due to the desire to keep the results of
this study comparable to thesis efforts on the same problem
using Qualitative Peedback Theory (7) and the Porter method
(1], a three-input/three-output system is used. This is a
restriction on design latituss that need not be levied on
the LQG design approach to this problem. The expected
result of this restriction is a sub-optimal controller when
compared to one designed using a greater number of inputs
and outputs (as is seen in Appendiz D).

The appropriate output variables for an approach and
landing for a STOL aircraft, or any alircraft where landing
roll-out s a critical factor, are flight path and
velocity. Previous research has deterained that
controlling the pitch rate along with flight path angle and
velocity, ylelds a better controller (4,5]1. In this
design, these output variables are to be controlled by the

canards, (tied aerodynamically to the flaps and ailerons to

limit the control lnputs), the stabllator, and the reverser
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vanes in the engines. To reduce effects of nonlinearities
and to simplify the analysis of the controller, the
combination of the canards with the flaps and ailerons |is
done so that an input that would saturate a control surface
would saturate all six surfaces at the same time. This was
accompl ished by scaling the appropriate entries in the
control input matrix. The procedure for this combination
and scaling are shown in Appendix E.
The resulting design model is a four-state, time
invariant model of the form
X = Ax + By + v (4-1)

where the state vector x has components

Xy ® velocity (feet per second)

X2 B pitch rate (radians per second)

x3 ® pitch angle (radians)

X4 ® angle of attack (radlians)
and the control inputs are:

u; ® canard/flap/aileron deflection

upz ® stabilator deflection

u3 B reverser vane deflection (4-2)
and the elements of the noise vector W are the noises
affecting the assoclated state variables. The system

matrices are
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=-6.9009 X 102 -40.16 0.3352 -31.54 )
-3.6036 X 10-4 -0.9913 1.367 )
A = (4-3)
9.2254 X 1076  0.9796 -0.6392 =-3.233 X 10-2
| o 1 0 0 |
[ -1.142 -3.238 -21.86 7
0.8710 -1.578 -2.507 X 10~2
B = (4-4)
-5.209 X 10"2 -7.6686 X 10~2 0
0 0 0 ]

with Q, the strength of the noise w, set initially to zero.
The output equation defining the variables over which

control is specifically sought, is

Yc= Cx (4-5)
here
1 0 0 0
C = 0 1 0 0 (4-6)
o] o] -1 1

which ylelds the outputs of velocity, pitch rate, and
flight path angle. For this research, it is assumed that
noisy measurements of all of the elements of the controlled
variable vector are available. Therefore, in the
measurement equation

z = Hx + v 4-7)
where the measurement matrix H §s equal to the ouput matriz
C and the strength of the zero-mean, white Gaussian nolse

vector y lis
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4.76 x 10°% 0 0 I
R = 0 1.22 x 1075 0 (4-8)
0 0 3.22 x 10°5
As sensor noise data for the STOL F-15 was not available,
the values above were taken from Reference 11.

This model was input into the computer alded design
tool developed by Floyd (11] and Moseley (25] and as
modifled by Miller [(24). It served as the basis for the
controller design and the initial evaluation of the
controller, as this tool could only evaluate the full-state
feedback controller or the filter against the truth model,

but not the combination of the controller and the filter.

4-4 Explicit Command Model

The function of the explicit command model in this
application is to specify the desired handling qualities
for the alrcraft. From Mi{1-F-8785C (2], the short period
response in the landing and approach phase should exhibit a

damping ratio between .35 and 1.3 with a frequency range,

for the angle of attack values involved, of .87 to 4.1

radians per second. These values are incorporated directly
into the explicit command model along with the desire to
command a zero net change in velocity and plitch rate.
Therefore the command model takes the fornm

Xn = BuZn + Baun (4-9)

s P RN
B P
a0 T -

with

. S0
.

.
*]

Xnt = commanded veloclity




{vq Xp2 = commanded pltch rate
Zp3 = commanded flight path angle
Xpq = comnmanded rate of change of flight path angle
and with uy eqgual to a unit step used to define the desired
second- order response in flight path angle. In this

model, A, and By, are:

[ O ] 0 0
0 0 0 o
Ay = (4-10)
0 o) o 1
. O 0 -16 -5.6]
-0
0
By = (4-11)
Y
w L 16
The commanded output variables for this application are the
velocity, the pitch rate, and flight path angle, with
velocity and pitch rate commanded to zero and the flight
path angle to follow the handling qualities characterlics
specified above. This ylelds an output equation of
¥m = CaZm (4-12>
and
1 0 0 0
Cp = ) 1 0 0 (4-13)
0 0 1 0
o
46
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1R 4-5 Implicit Command Model
As was discussed in Chapter 3, the purpose of the

implicit model is to enhance the robustness characteristics
;Q of the controller and, to accomplish this, the elgenvectors
. of the closed-loop system must be kept as orthogonal as
A possible. The implicit control command model obeys the
sane form of state and output equations as the explicit
command model, but with x, set equal to the outputs of the
s design model, namely velocity, plitch rate, and flight path

angle, and

-My 0 o]
Ay, = o -M2 o (4-14)
(o] o] -M3
and By, Cy, and Dy, are set to zero as they have no effect
upon the implicit model. Note that the cholice of a
dlagonal Ay, ylelds orthogonal elgenvectors. The values for
My, M2, and M3 are determined iteratively and have a direct
consequence on robustness. This [teration process will be

seen Iin detall in the next chapter.

4-6 Truth Models

The initfal truth model used for this design problen
was simply the design model. To test the system more
realistically, a nine-state truth model was developed with
:i the additional states resulting from the addition of
: - actuator dynamics. The actuators for the canards and

stabilators were origlinally given as third order, but an
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analysis of the dynamics of the actuators (shown in
Appendix E) using the CAD package TOTAL [16), indicated no
significant difference between the response using the third
order actuators and a second order approximation. The
resultant truth model used for controller evaluation is

Xt = AgXy + Bpug + ¥t (4-15)
where x| through xy4 are the original states of the
system, x¢s5 and xgg are actuator states involving canard
deflection, x¢7 and xyg are actuator states for the
stabilator, and xyg9 is for the reverser vanes. The

defining matrices of Equation (4-135) are:

rknt Az Ajz Agg 1Bjg O [ Bz 0 ! Byg 1
Az1 A2z A23 A24 P B2y o {Bzz 0 : B23
A3y A3z A3z Aag : B31 © ¢ Bgz 0 | Bas
Aq1 Agz A4q3 Agq | Bqy 0 r Bg2 0 | Bgs
PRS- Sl S S e A Bl
o oo o wme-swsy o 0! o
0 ) ) o ! o o [ o 1 ' )
o o _o o' o o | _g3s6 -303 | o
o o o o-: 0 ‘34,'0“’5‘}“-39]
— - (4-16)
)
By = 8356 0 0 (4-17)
0 0 0
0 8356 0
| o 0 89
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with Q a 5 x 3 zero matrizx. As with the design model,
initjally the noise strength, Q, assoclated with w, was
set to zero. In the A¢ matrix, the values of Ayy and Bgy
are the respective matrixz elements of the A and B matrices
for the design condition, or the appropriate flight

condition in the case of robustness tests.

4-7 Desiqn Methodology

The design of the flight controller was accomplished
in several steps using the CGTPIV software that was
developed by Floyd (11) and Moseley [25) and modified by
Miller (24]. The first step involved developing a CGT/PI
full-state feedback controller without implicit model
following, but with explicit model following, and
evaluating the controller with respect to an environment as
produced by the design model. The next step was to Include
an implicit model in the design process, but still only
evaluate the resulting controller with respect to the
design model. Next the controllers were tested against the
truth model for the design condition, and finally
uncertainty was added to the problem in the form of the
dynamics noise In the system and Imperfect nolse-corrupted
measurements to replace the artificlial access to all
states. The latter aspect led to the development of the
Kalman filter. The outputs from CGTPIV, namely a CGT/PI

controller and a Kalman filter, were then cascaded, and the

resulting controller was evaluated using PFEVAL, a

B R A e




d W T W T P P W O U O P e U W T O T O U T DR U UF TR SO O TR VN PR TR U s TLW U TO TRV

_a;:" )

15
) I<.
%F o) covariance analysis package developed by Moseley [25] that
" assumes a linear truth model, and using ODEFtS5, a
- modification of the Monte Carlo analysis tool ODEACT

; developed by Miller [24] that permits nonlinearities (as
:~ particularly saturations) in the truth model definition.
’} The actual designs and analysis will be covered in detall
O

3 in the next chapter.

;Y 4-8 Summary

ii This chapter introduced the models used to develop the
'; flight controller for the STOL F-15. The design, expliclt
”: command, implicit command, and truth models were discussed.
%} The methodology employed in the design process was outlined
W ({% as a preview for the next chapter.
s
&
oy

“!‘«
o ",-_2
3

._-f'

o

X

>o
i :: 2
o
D '(‘.:
' .
b

1Y
o
0
1
R)
‘.
b

50

A ORI

h -~
.ﬂll‘.

........
- .




Tai
<
L\_
)

i
L
=

M

U- ;
e
e

XA
X

LAY

i
2

I
AT N &

y‘v"v‘r'r“
W T,

[N

5

k|

pov e SRR
P . FOOMERE & LR

V. ANALYSIS OF DESIGN RESULTS

5-1 Introduction

This chapter presents an analysis of the results of
this study. The first section deals with the software used
to evaluate the designed controllers. Then, the design
path is presented in chronological order, with an analysis
of the resulting controller. Finally, attempts at
robustness enhancement, using the Doyle and Stein LTR

technique, are discussed.

5-2 Performance Analysis Tools

The controllers designed in this study were evaluated
using two software analysis tools developed in previous
AFIT theses (and briefly Introduced in Chapter 4). The
first of these is PFEVAL, an interactive software tool used
to conduct performance evaluations of llnear sampled-data
controllers against linearized models of realistic
environments. The second is a modification of ODEACT, an
interactive program that was originally written to account
for actuator nonlinearities In the simulation of the
real-world environment and to allow the addition of

antl-windup compensation.

5-2.1 PFEVAL
PFEVAL was written by Moseley (25] to allow for the
evaluation of stochastic controllers that was not avallable

with CGTPIF {11], namely the evaluation of a filter/

51

AT D ',"-“.“"‘.‘* '( e T

nnnnnn

o o PR L I S

UTEFYT T T Y

'''''''




< T T e e e A A A A |

C

)

bt

Eﬁ t&; controller cascade as tested against a higher order "truth

:\ model® (Fig. 3-2). To accomplish this, he ammended CGTPIF

,i so that data required for performance evaluation would be

§ saved in the output file. This output file could then be

{ used as a data file in PFEVAL. PFEVAL, with the initial

% covariances for the truth states and control inputs

é‘ supplied by the user, performs evaluations of the
controller with and without the fllter embedded. The

e output of PFEVAL is a time history, for fifty sample

;? perlods, of the standard deviations of all truth states and

“ control inputs for the controller, with and without the

;E fllter, and a list of final estimatlion error covarlances for

E'-j | both.

,: if;

2. 5-2.2 ODEF15

:S ODEF15 is a modification of the nonlinear simulation

f} package ODEACT, originally written by Miller (24). The

’E' initial version of this program was used to extend the

.% analysis of a controller, designed via CGTPIF, to include

;; nonl inear effects generated by the inclusion of actuator

y saturations, speciflically for the AFTI F-16. For the

i purpose of this research, the program was modified, and

i renamed ODEF15, to allow for the actuator saturation

’§ nonlinearities of the STOL F-15, the possible inclusion of

f¢ a Kalman filter with Monte Carlo analysis, and the output

'§ of CALCOMP plots. A listing of the ODEF15 code and a

1 'E;a sample run of the program are included in Appendix A.
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The gain matrices for controllers and filters
designed with CGTPIF are entered interactively into ODEF15
along with the continuous-time system matrices of Equatlons
(4-3), (4-4), and (4-6), the discrete-time By and By, which
are outputs of CGTPIF, and the strength of the measurement
noises, as given in Equation (4-8). The program is set up
to perfora interactive simulation runs with or without the
inclusion of the Kalman %filter, rate and position linits,

actuator dynamics, and anti-windup compensation.

5-3 Controller Design
The controller design, using CGTPIF, is done in a

building block fashion. Initially, the state-space
matrices, A, B, and C, of Equations (4-3), (4-4), and
(4-8), are entered into CGTPIF. As the deslign system is
unstable, an open~loop CGT design is not feaslible, so a PI
controller is first designed and then the closed-loop CGT.
This initial design is accomplished without implicit model
following and is not evaluated against a truth model. The
initially chosen values for the weighting matrices were
based upon the physical characteristics of the plant. In
the case of the output deviation weights, since the main
concern is for the control of flight path angle, it was
initially welghted with a coefficient of three as compared
to one for the velocity and pitch rates. As the

canard/flap/aileron combination and the stabilator are

limited to approximately the same amount of deflection from

R W

hadi
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3 the equilibrium and the reverser vanes can move almost
twice as much, the control magnitude weights are
initialized at two, two, and one respectively. The control
rate weights are set initially at eight to four to one for
the canard/ flap/aileron combination, stabllator, and
engine reverser vanes respectively, as this is the ratio of
the maximum deflection rates for these surfaces. Another
cholce for the weightings [20] would be to use the square
of the differences In “"concern,” position limits, or rate
limits, but as these are only the starting points for a
control welght tuning process, the welghtings listed In
this paragraph are used. This design ylelds:

f.0081849 5.182 ~-22.8 .092615

oy Ky = | .044529 -13.34 25.96 -.2100 (5-1)

L-1.977 2.927 3.780 .034236

[ .014268 1.038 .4107
Kz = -.0034988 -1.628 -.5825 (5-2)

L ~.5333 -.089242 -.063284

In the controller of Equation (2-68). Next, a design of

. -
l®
2
:’_"<x-'- -

= the CGT 1s pursued with the explicit model as shown in
‘-:\1
e Sectlion 4-4. This design ylelds:
SN
3
i;: . 0083856 -25.19 -.2480 -.090792
A
g?j Kgn = .044515 22.16 .5140 .099918 | (5-3)
oy
N> -1.980 4.165 -1.385 .010521
-",:q

Y]
2
oy
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2.069
Kgy = -2.427 (5-4)
-.2046
in the controller of Equation (2-68), where:

Kem = KgAyg + Ay (5-5a)

Kxu = KgA12 + A22 (5-5b)
Printouts of the time response of the output variables and
the control deflections with the initial CGT/PI full-state
feedback controller are shown in Flgures 5-1 and 5-2. It
can be seen that the flight path angle {s slow, for a
fighter type alrcraft, to attain the commanded value of a
five degree downward flight path. The controller is
otherwise well behaved as it nelther violates nor
approaches any physical constraints of the system. Further
fterations in this step of the design process led to the
use of the following welights for the cost function of
Equation (2-5): for output deviatjons, 1:1:25 for velocity,
pitch rate, and flight path angle, respectively: for
command input magnitude deviations, 10:3:1 for the
canard/flap/aileron combination, stabllator, and reverser

vanes, respectively; and for command input rate deviations

for the canard/flap/alleron, stabllator, and reverser

vanes, 60:30:1, respectively. These weights are to be used
in the next step in this process. Flgures 5-3 and 5-4 show
a time history for the output variables and the control

deflections for this controller. This controller exhibits

a auch faster settling time with approximately the sanme
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S
.-, "}: CONTROLLER WITHOUT IMPLICIT MODEL FOLLOWING
0.00 + + + + 12+ 3 +
w-" -20 + + + 1 2 o+ + 3+
e . 40 + 1 + + 2 + + 3 +
\: .60 +1 + 2 + + + 3 +
S .80 + 21+ + + + 3 +
(s 1.00 2 + 1+ + + 3 +
> 1.20 2 + + +1 +3 +
t) 1.40 + 2 + + + 3 1 +
L 1.60 + + 2 + + 3 + 1 +
'-:rﬁ-' 1.80 +: HE SR T+ 2 HICEE I HE LD B
ey 2.00 + + + 3 +2 + 1+
b2, 2.20 + + 3+ + 2+ 1+
e 2.40 + + 3 + + + 21 +
Kl 2.60 + 3 + + + 1 2 +
2.80 + 3 0+ + + + 1 2 +
- 3.00 + 3 + + + +1 2+
A 2.20 + 3 + + + 1 2+
"‘4'_; 3.40 +3 + + + 1+ 2+
4t~ 3.60 3 + + + 1+ 2 +
-s._c 3.80 3: HE N [ s+ HEEHD W O : 2 ¢+
o 4.00 3 + + + 1+ 2 +
® 4.20 3 + + + 1+ 2 +
e 4.40 3 + + + 1+ 2 +
o 4.60 3 + + + 1+ 2 +
Bt 4.80 3 + + + 1 +2 +
EN 5.00 3 + + + 12 +
S 5.20 +3 + + + 1 2 +
W a 5.40 +3 + + + 1 2+ +
(} 5.60 +3 + + + 1 2+ +
5.80 +:3: LR A HE 12:+: i+
S 6.00 + 3 + + + 12 + +
‘-S:"‘.' 6.20 + 3 + + + 12 + +
A 6.40 + 3 + + + 12 + +
J}. 6.60 + 3 + + + 12 + +
i 6.80 + 3 + + + 12 + +
0 7.0C + 3 + + + 12 + +
v 7.20 + 3 + + + 2 + +
34' 7 .40 + 3 + + + 2+ +
:: 7.60C + 3 + + + 12+ +
Y 7.80 +:3: - T R 12+: it
e 8.00 + 3 + + + 12+ +
3‘: €.20 + 3 + + + 12+ +
) 8.4C + 3 + + + 12+ +
proce 8.60 + 3 + + + 12+ +
AR 8.80 + 3 + + + 12+ +
S 9.00 + 3 + + + 12+ +
- 9.20 + 3 + + + 12+ +
a5l 5.40 t 3 + + + 2+ +
" 9.60 + 3 + + + 12+ +
- 9.80 v:3: T4 T T P12+ 4
A 10.00 + 3 + + + 12+ +
-:.'-f SCALE -.0190 -.0140 -.00930 -.0040 .0010 .0060
.-:‘. SCALE 2 ~.0670 -.0500 -.0330 -.0160 .0010 .0180
*J_ SCALE 2 -.0920 -.0730 -.0540 -.0350 -.0160 .0030
e
e Figure 5-3. Qutput Variables for Controller Without
oA Implicit Model Following
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Implicit Model Following
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s CONTROLLER WITHOUT IMPLICIT MODEL FOLLOWING
0.00 3 + + 2 t1 + |
‘ﬂ:" .20 + 3+ + + 2 + i + 1
::' .40 + 3+ + + 2+ + I
Yo .60 + ¥ 3 * + 1 + 2 + \
‘: .80 + + + 3 + i +2 + l
- 1.060 + + + +1 23 + + ;
', 1.20 + + + 2 1+ 3+ + 5
AR 1.40 + + 2 + 1 + +3 + j
‘»::'v 1.60 + 2+ + 1 + 3 + ‘
-3 1.80 +: 123 T4 1ot T4 i3+ H j
K - 2.00 + 2 + 1 + + 3 + +
i 2.20 +2 1+ + +3 3 +
" 2.40 +2 1 + + 3+ + +
: 2.00 + 21 + + 3 + + +
'QA‘, 2.80 + 12 + + 3 + + +
.._‘\"Q 3.00 +1 o + +3 1 + +
-3‘.“- 3.20 1 2 + 3 + + +
poel 3.40 ! 2+ 3+ + - +
). 2.60 1 2+ 3+ + + +
ay 3.80 1: 120 $3:+: F Tt T+
.,._,, 4.00 1 + 2 3+ + + +
e 1.20 1 + 2 3+ + + +
e 4.40 +1 + 2 3+ + + +
L. 4.60 +1 + 2 3+ + + +
o 4.80 +1 + 2 3+ + + +
S, 5.00 + 1 + 2 3+ + + +
(a” 5.20 + 1 + 2 3+ + + +
. e 5.40 + 1 v 2 3 * + +
) 5.60 + 1 + 2 3 + + +
ke 5.80 +: 01 t4:o12: :3: D4 P4 T+
6.00 + 1 + 2 3 + + +
- 6.20 + 1 + 2 3 + + +
6.40 + 1 + 2 3 + + +
6.60 + 1 + 2 3 + + +
. 6.80 + 1 + 2 3 + + +
-r‘ 7.00 + 1 + 2 +3 + + +
t. 7.20 + 1 + 2 +3 + + +
.}&‘ 7.40 + 1 + 2 +3 + + +
WO 7.60 £ + 2 +3 + + +
SN 7.80 +: 1 HE S :3: HE HE HE
2 8.00 o +2 3 + + +
8.20 + 1 + 2 3 + + +
S 8.40 + 1 + 2 3 + + +
" 8.60 + 1 + 2 3 + + +
e 8.80 + 1 + 2 3 + + +
Xt 9.00 + 1 + 2 3 + + +
s, 9.20 + 1 + 2 3 + + +
e L 9.40 + 1 + 2 3 + + +
— 9.60 + 1 + 2 3 + + +
'S 9.80 +: 01 T4 :2: :3: D4 HE Dt
oy 10.00 ol + 2 3 + . .
".‘:‘_' SCALE 1 -.2500 -.1900 -.1300 -.0700 -.0100 . 0500 “
'S SCALE 2 -.1700 -.1200 -.0700 -.0200 .0300 .0800
S SCALE 3 0.0000 . 0500 . 1000 . 1500 . 2000 .2500
e
R‘E -7 Figure 5-4. Control Deflections for Controller Without
o
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ﬁf* amount of control energy as the initial controller. This
performance is somewhat misleading as the controller is
being evaluated against a four-state "truth model" and
significant degradation in performance can be expected when
a higher dimension truth model is used.

This next step In the iteration is to include an
implicit model in the PI controller. The model used is the
one in Section 4-5 with the diagonal elements all set to
negative five and the weights on the derivatives of the
outputs and the control pseudo-rates set to one. The
controller was developed with the same explicit model and

weightings as above with the resulting gain matrices:

(;’ .0093445 4.304 -22.82 .080089
Ky = .020574 -11.21 30.32 -.1854 (5-6)
-3.571 1.608 -2.932 .025107
- -.0043609 .9997 .5725
Ky = .0038191 -1.701 -.7030 (5-7)
| -.4240 .1885 .0066257
r.0095451 -26.11 -.2610 -.091421
Kxm = |.020566 30.22 .6369 .1197 (5-8)
|~3.574 -6.221 -1.545 -.018581
= 2.072
L
- Kyy = -2.825 (5-9)
)
oys P . 4060
;* LRSS
bti
"'%
% 60
;l
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PR
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L 4
v\:
N
E: 3ﬁ; Plots of the time response of the system outputs and
7 ‘ control inputs, now evaluated against the nine-state truth
i; model of Equation (4-15), are shown for this controller in
iﬁ Figures 5-5 and 5-6. The addition of the truth model to
:. the evaluation introduces the effects of actuator dynamics
% and will, therefore, have a negative impact on system
% response compared to an evaluation against a “truth model”
) equated to the design model. While this controller shows |
': an i{mprovement in settling time, both position and rate
ki limits for the canard/flap/alleron combination and rate
'; limits for the stabilator are violated. To alleviate these i
; problemas, the implicit model is changed to reflect the |
;; desire to slow down the inputs to these control surfaces, |
i ii; which requires a trade-off in performance. The resulting i
s controller has the same explicit welghting matrices for the
A performance index of Equation (2-~72a) as the initial
controller, with the final impliclit welghts on output
23 derivatives set at 1:1:2 for the velocity, pitch rate, and §
;E flight path angle, respectively, and the final implicit
§ control pseudo-rate weights at 2:2:1 for the ;
=; canard/flap/alleron combination, stabllator, and reverser
3; vanes, respectively. The implicit command model is:
; -.05 0 0
‘é; Ag = 0 -.05 0 (5-10)
b 0 o -.5
v,
i The difference in the last element of Ay, is from the desire

'4,.

Kl

to obtaln a faster response In flight path angle than in

lr‘y
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CONTROLLER WITH IMPLICIT MODEL FOLLOWING

0.00 + + + + 1 +2 3 +
20 + + 2 + l + + 3+
40 + | + + 2 + 3 +
.60 + + 2 +1 + + 3 +
.80 +2 + + + 1 + 3 +
1.00 2 + + + 1 3+ +
1.20 + 2 + + + 13 + +
1.40 + + 2 + 3+1 + +
1.60 + + + 3 21+ + +
1.80 L E A R N T A R HER & s 2 14 o 1R
2.00 + + 3 + 1 + 2 +
2.20 + + 3 + +1 + 2 +
2.40 + 3 + + 1 + 2 o+
2.60 + 3 0+ + + 1 + 2 +
2.80 + 3 + + + 1 + 2 +
3.00 + 3 + + + 1 + 2 +
3.20 + 3 + + + 1 + 2 +
3.40 + 3 + + + 1 + 2 +
3.60 +3 + + + 1 + 2 +
3.80 +3 @ HE RS - Dot o sl oier 2 0 i+
4.00 3 + + + 1 + 2 +
4.20 3 + + + 1 + 2 +
4.40 3 + + + i + 2 +
4.60 3 + + + i + 2 +
4.80 3 + + + 1 + 2 +
5.00 3 + + + i +2 +
5.20 3 + + + i +2 +
5.40 3 + + + 1 +2 +
5.60 3 + + + 1 +2 +
5.80 3: HE I HE iy 142 HER
6.00 3 + + + l +2 +
6.20 3 + + + 1 +2 +
6.40 3 + + + { +2 +
6.60 3 + + + l +2 +
6.80 3 + + + 1 +2 +
7.00 3 + + + 1 +2 +
7.20 3 + 3 + 1 +2 +
7.40C 3 + + + 1 +2 +
7.690 3 + + + 1 +2 +
7.3¢ 31 HE N N HE N D B RS
8.00 3 3 + + 1 +2 +
8.2 3 + + + { +2 +
8.40 3 + + + 1 +2 +
8.60 3 + + + { +2 +
3.80 3 [3 + + 1 +2 +
9.00 3 + + + 1 +2 +
9.2 3 + + + i +2 +
9.40 3 + + + 1 +2 +
. 9.60 3 + + + 1 +2 +
N 3.30 3: T T i 1l i+2 L+
S 10.00 3 + + + 1 +2 +
A SCALE | -.0110 -.0080 -.00%0 -.0020 .0010 .0040
';' SCALE = -.0370 -.02480 -.0190 -.0100 -.0010 .0080
~ SCALE 3 -.0380 -.070¢ -.0520 -.0340 -.0160 .0020
¢
e Figure 5-5,. Output Variables for Controller With
SCT Implicit Model Following
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Figure 5-6. Control Deflectlions for Controller With
Implicit Model Following
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velocity or pitch rate. These values yjeld a controller

with gain matrices of:

.024718 4.532 -12.55 .072426
Kg = .027933 -10.94 27.5%59 -.1744 (5-11)
-3.404 1.466 -1.328 .020731
-.0031405 .5861 .3119
Kz = .011646 =-1.405 ~-.6242 (5-12)
-.083988 .089413 .034607
.024932 -12.04 -.038514 -.04804
Kgm = .027922 26.81 .5866 .1083 (5=-13)
_ -3.407 -4,20%5 -1.513 -.011917
1aly
1.140
Kgy = -2.578 (5-14)
. 2606

Time response plots for this controller, given a five
degree nose-down flight path angle command, are shown in

Figures 5-7 and 5-8. This controller provides a reasonable

settling time with a very mild overshoot and violates none
of the physical constraints imposed upon the system. As
this design satisfles the desire for performance without
violating, or approaching, the limits of the system, It is
used for the analysis to follow.

It Is at this juncture that the assumption of

full-state feedback 1s replaced with the more reallistic
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FINAL CONTROLLER

0.00 + + + + 1 +2 3+
.20 + + + 2 + 1 + 3+
.40 + 1 + + 2+ + 3 +
.60 1 + 2 ¢+ + + 3+
.80 + 2 1+ + + + 3 +

1.00 2 + + 1 + + 3 +

1.20 2 + + + 1 +3 +

1.40 + 2 + + + 3+ +

1.60 + + 2 + + 3 1+ +

1.80 +: P 4o 2 I LS S R S R Y

2.00 + + + 3 2+ 1 + +

2.20 + + 3 + 2 + +

2.40 + + 3 + + 1 2+ + :

2.60 + + 3 + 1 + 2 +

2.80 + 3 + 1+ + 2 +

3.00 + 3 + + 1+ + 2 +

3.20 + 3 + + 1+ + 2 +

3.40 + 3 + + 1+ + 2 +

3.60 + 3 + + 1+ + 2 +

3.80 +:3: : HE L F I A HE S A AR

4.00 +3 + + 1 + 2 +

4,20 3 + + +1 + 2 +

4. 40 3 + + +1 + 2 +

4.60 3 + + + 1 + 2 +

4.80 3 + + + 1 + 2 +

5.00 3 + + + | + 2 +

5.20 3 + + + 1 + 2 +

5.40 3 + + + 1 + 2 +

5.60 3 + + + 1 + 2 +

5.80 3: HE 3 N HE S R R i+

6.00 3 + + + 1 + 2 +

6.20 3 + + + 1 +2 +

6.40 3 + + + 1 +2 +

6.60 3 + + + 1 +2 +

6.80 3 + + + 1 +2 +

7.00 3 + + + 1 +2 +

7.20 3 + + + 1 +2 +

7 .40 +3 + + + 1 +2 +

7.60 +3 + + + 1 +2 +

7.80 +3 HE R HE 1 +2 HE 2

8.00 +3 + + + 1 +2 +

8.2C +3 + + + 1 +2 +

8.40 +3 + + + H +2 +

8.60 +3 + + + \ +2 +

8.80 +3 + + + 1 +2 +

9.00 +3 + + + 1 +2 +

9.20 +3 + + + 1 +2 +

9.40 +3 + + + 1 +2 +

9.60 +3 + + v 1 +2 +

9.80 +3 : HE X HE HE l +2 HE

10.00 +3 + + + 1 +2 +

SCALE 1 -.0140 -.0100 -.0060 -.Q020 .0020 .0060
SCALE 2 -.0500 -.0380 -.0260 -.0140 -.0020 .0100
SCALE 3 -.0830 -.0710 -.0530 -.0350 -.0170Q .Q010

Figure 5-7. Output Variables for Final Controller
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ﬁ;’ FINAL CONTROLLER

0.00
.20
.40
.60
.80
1.00
1.20
1.40
1.60
1.80
2.00
. 2.20
! 2.40
2.60
2.80 + 12
3.00 +1 2
3.20 +1 2
3.4" +1 2
' 3.60 +1 2
3.80 +1 ¢ 2
4.00 +1
4.20 +1
4.40
4.60
4.80
- 5.00
5.20
5.40

—
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—— = b= g P e s
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NP IR DD

1
SCALE | -.2600 =.2000 -.1400 -.0800 .0200 .0400 ;
. SCALE 2 -.1600 -.1200 -.0800 =-.0400 .0000 . 0400
SCALE 3 0.0000 . 0400 .0800 . 1200 . 1600 . 2000

' Figure 5-8. Control Deflections for Final Controller
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assumption of incomplete/imperfect measurements and the
addition of a Kalman filter. For this purpose the
neasurement matrix H and the sensor noise matrix R, shown
in Section 4-3, are included In the design model (and also
in the truth model). In addition, the G and Gy matrices
are included in the design and truth models, respectively,
In both cases they are identity matrices of the appropriate
dimension. Inlitially, noises are associated with the angle
of attack and pitch rate and their strengths are set to
unity as a first guess, and, after numerous iterations
between CGTPIF and ODEF15, to attain the desired
performance both took on the value of .0001. With these
additions to the design and truth models, it is possible to
design and evaluate a Kalman filter using CGTPIF. After a
number of iterations to attalin good estimation precision
and controller performance at “on-design” conditions, the
CGT/PI/KF controller to be used as a baseline Iin the
filter-in-the-loop robustness enhancement studies was
derived. The controller of Equations (5-10) through

(5-14), with final Kalman filter galns of:

" .6153 -.1122 .0019542 7
-.2875 . 1958 -.0072972
Kg = (5-15)
-.02827 .0221 -.2300
-.015051 .0023899  -.21043 |

is to be evaluated with PFEVAL and ODEF15 against a number

of varying real-world conditions.
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S 5-4 Performance Analysis

L The controller developed in the previous section is
%i analyzed in detail in this sectlion. First, a linear
;%5 covariance analysis 1s accomplished using PFEVAL. Then,
'f: the nonl inear simulation program, ODEF15, is used to test
;J the control laws against a more realistic environment
;s including actuator saturations. Finally, LTR tuning is
f: used in an attempt to recover some of the robustness lost
{b in going from full-state feedback to the controller with a
‘E Kalman filter in the loop.
'; The results of the covariance analysis at the final
::. simulation time are presented in Table 5-1 and show that
z; the inclusion of the filter, with state estimates updated
i df; with the incoming measurements, improves the performance of
- the controller. This is not a totally unexpected result, as
ﬁi the truth model against which the controller is being

. evaluated includes actuator dynamics (see Sectlion 4-6), and
;} therefore involves effects not modelled in the design of
‘*? the controller; if the truth model were the same as the
t: design model, the full-state feedback deslign would

g- naturally outperform the design model with the filter in
{g the loop.
o~
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ﬁ' Table 5-1

A e
T
wen Final Standard Deviations of CGT/PI/KF Controller Design
R

1o :
e STANDARD DEVIATIONS (&« IN RADIANS OR RADIANS/SEC)
. TRUTH

X STATE

{}' WITH FILTER WITHOUT FILTER

U 4.9617264 X 10-3 4.165973 X 10~3
ooy q 1.2784801 1.3747698 X 10~2
ot

h{ o 1.1799363 X 10-2 1.2151774 X 10-2
O

2= o 7.0565759 X 10°3 7.5290352 X 10-3
\f 8c¢a 2.1194026 2.8109224 X 102
" 8cta 3.3509912 4.4106762 X 10-!
b (o 8 .1844835 6.8388985 X 10~2
2o & .6988819 1.0284194

oS 8.y .1738364 3.3501037 X 10-2

-

‘-

9 8cfal .5876006 3.4182074 X 10~2
N 81 .1941621 8.1942491 X 10-2
Lo

y-:";;:; 8rvi .2065578 3.3686558 X 10~2
1NN

®

ot 5-4.1 Nonlinear Performance Analysis

1.\:

h§~ The robustness evaluation of the controller using
NG

N ODEF15 is done in four segments. In the first sectlon, the
i controller is tested using the design flight condition with
%SE actuator dynamics, |.e., a nine-state truth model, and rate
RS

%;{ and position limits considered. As the controller is

e .

TETr designed for a five-degree nose- down flight path angle,
S
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this is the first condition tested. The full-state
feedback response and the response with the inclusion of a
Kalman filter based on ;(t1+) are shown in Figures 5-9 and
5-10 respectively. These responses for the full-state
feedback case are similar to those obtalned when the full-
state feedback controller was evaluated against the nine-
state truth model in CGTPIF and, as the controller is
designed to avoid the rate and position limits, this is to
be expected. As the measurements of the outputs are very
accurate, the results for ;(t1+) are expected to be close
to that of full-state feedback, and this in fact occurs, as
is seen iIn a comparison of the plots for the respective
outputs. It should be noted that the differences In
velocity are actually very small when compared with the
flight velocity of 200 feet per second and that the
apparent divergence occurs well out of the time period of
interest, approximately six seconds. There is also
significantly more control energy used with the Kalman
filter than with the full-state feedback case. This is due
to the estimation of state variables, the Inclusion of
actuator dynamics in the truth model, and the resulting lag
in control application. The results for a controller based
on ;(ti‘) are not shown here, nor will they be shown in
this research. This is because, in order to stabilize the

controller, a value for Q was s0 small as to make the

problem physically meaningless. This may be interpreted as

the fllter having almost no confidence in the dynamics
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Full-State Feedback Controller
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model and putting extremely heavy weight on the Incoming
measurements. While the measurements for this study are
very accurate, it Is imprudent to ignore the

enbedded dynamics model completely. It is therefore decided
to elininate ;(tl“) from consideration in this problem, but
with this iIn mind, a computationally efficient algorithnm
for the controller must be used. This algorithm must
minimize the destabilizing delay between the incoming
measurement, z(t;), and the output of a control signal,
u(ty), and the total time for the computation must also be
less than the sample period of the systenm.

The second block of evaluation was for inputs other
than for what the controller was designed. For this and
all subsequent evaluations, the controller with the
filter-in- the-loop is considered. First, a shallower
flight path angle (three degrees) was commanded. The
results, shown in Figure 5-11, indicate that the controller
is capable of complying with this command. Another
analysis |ls done with the aircraft in equilibrium with a
minus five degree flight path angle. In this case, a five
degree pitch up command is glven, and as seen in Figure
5-12, the controller has no difficulty with this task.

Next, system failures are simulated by first
increasing the sensor noises and, secondly, simulating the
loss of an actuator. For the sectlion, sensor degradation is

simulated by a two-order- of-magnitude increase in sensor
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noise in the truth model without glving the filter an
indication of the change. As |s demonstrated in Figure
5-13, this noise Iincrease has the effect of causing
oscillations about the nominal values, but is not
destabilizing at this magnitude. It exhibits
characteristics similar to the filter with non-degraded
sensor data, l.e. simllar to the full-state feedback case
in flight path angle, but more oscillatory in velocity and
pitch rate and with more active control surfaces. The
second system failure to be simulated is that of a canard
failure. It is assumed that the canard is free-floating
and contributes nothing to the moment generation required
to pitch the alrcraft. This ls accompllished by zeroing out
the command to the canard/flap/ajleron combination In
ODEF15. This slows the system down and also eliminates the
overshoot seen in the case of a healthy system. Figures
5-14 and 5-15 depict the results of a five degree pitch

down and a flve degree pitch up to level-off, respectively,

which can be compared to Figures 5-10 and 5-12. There is
very little degradation in the flight path angle for either
case, just slightly slower as was indlcated above, and the
other outputs and control deflections become more
oscillatory In the face of the fallure. This indicates a
great deal of robustness.

In the final section of the performance evaluation,

the controller 1s tested against off-design fllight

conditions. This has, to some degree, already been dcne,
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as the controller has been evaluated agalnst a
truth model of higher order than the design model. The
controller designed for a speciflic flight condition does
not perform as well at off-~design points of the flight
envelope. This is not a major concern, as In practice, gain
scheduling would be used for variations inflight
conditlions, but it iIs a good check for robustness.
Simulations using the controller designed in this study
versus the alrcraft model for a slower true airspeed
(Vain)s» for a higher density altitude at the original
alrspeed, and for an Increased gross welght at the original
alrspeed and altitude are shown in Figures 5-16, 5-17, and
5-18, respectively. As was mentioned earlier, this
controller suffers from degraded performance at the
off-design conditions, which ls shown by the Ilncreased
varifance in the velocity and pitch rate and the increased
control activity required for the manuever compared to that
for the baseline controller with the Kalman filter (Fig.
5-10). Again note that the undulations in velocity are
very small when compared to flight velocity. Attempts will
be made {in the next section, via LTR, to improve this
performance.
5-5 Kalman Filter Tuning

In this section the Doyle and Stein LTR technique |is
applied to the controller In an attempt to enhance

robustness. As a slight modification to this method, q2BVBT
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replaces Q,. For this study, the q2 term was set to .0001%,

and the technique was used on one of the off-design
conditions and for the case with a three order-of-
magnitude increase in sensor noise. The initial prospects
for robustness enhancement with this method were not
promising, as the system has a right-half-plane
transmission zero (18) and is a sampled-data PI controller
rather than a continuous-time proportional galn regulator.
Separately, each of these conditions removes the guarantees
associated with the robustness improvement to be gained by
the Doyle and Stein technique (28].

First the controller with the filter tuned via LTR is
evaluated at the flight condition for which the controller
(;1 was designed. The results of this simulation, seen in
Figure 5-19, show significant improvement in all channels
over the baseline controller with the Kalman filter in the
loop (Flg. 5-10), and approach the performance of the

full-state feedback controller (Fig. 5-9). Once again,

this result |s expected because of the increased order of
the truth model used in the evaluation, compared to the
order of the design model. If this design were to be
evaluated against the design model rather than the higher
dimensioned truth model, LTR tuning would be off-nominal
tuning at design conditions, and would be expected to cause

performance degradation at the design conditions.

SRS Next the controller is evaluated against a flight
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. condition with a 10,000 foot altitude. With the original

Joun,
> Kalman fllter at the 10,000 foot altitude (Flg. 5-17),

there are significant oscillations in both the velocity and
pitch rate, but with the LTR-tuned filter (Fig. 5-20) these
oscillations are smoothed out and there is less overshoot
in the flight path angle, along with a reduction in the
level and undulations of the control inputs: a definite
improvement in the performance of the controller.

The controller with the LTR-tuned filter 1s then
evaluated with the aircraft gross weight lncreased by
approximately 10,000 pounds. The results of this
simulation are shown in Figure 5-21 and, as in the |
preceding case, a marked improvement over the performance

(;- of the untuned filter (Fig. 5-18) is exhibited. Once
again, this improvement occurs in all channels of interest,
with the smoothing of the veloclity, pltch rate, and control
input responses the most noticeable.

In the case of a large increase in sensor noises

(Figure 5-22), the controller is unstable with the original

fllter and is stabllized with the change to the LTR-tuned

‘i} filter (FPigure 5-23), although it displays very poor

--2 performance. This enhanced stability would be important,
: as keeping the alrcraft stable in the face of a massive

%Fﬁ sensor fallure would allow online adaptation to occur, or

at least provide the pilot time to make an escape.
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In this chapter, the methods used for performance
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analysis are discussed, and then the steps taken in the
development of a CGT/PI/KF controller are detalled. The

resulting controller is then analyzed using the procedures
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from the beginning of the chapter and rather successful
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attempts made for robustness enhancement in the face of
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changing flight conditions and sensor degradation. In the
:1 ' next chapter, conclusions of this study and recommendations

“jg for future research will be presented.
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VI. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

6-1 Conclusions
The goal of this study has been to design a robust

LAG/LTR flight contoller for the STOL F-15 for the approach
and landing phase of flight. This has been accomplished by
the use of implicit model following and Loop Transfer
Recovery (LTR) techniques with a Command Generator
Tracker/Proportional plus Integral controller with a Kalman
filter in the loop (CGT/PI/KF).

The LGG design methodology provides the designer with
a systematic way to approach the design problem. Through
the use of the command generator tracker (CGT), the
designer can incorporate the desired handling gqualities to
be mimicked and the disturbances to be rejected. Implicit
model following allows the designer to include information
about the handliné qualities directly into the performance
index and also to affect the pole placement of the systen.
The “"type-1" property of the PI controller allows for
tracking of a zero input with a nonzero steady-state
control, despite unmodelled constant disturbances. The
Kalman filter provides estimates of the states fronm the
noise-corrupted and incomplete outputs of sensors. The use
of implicit model following allows for the design of a
robust full-state feedback controller and, then LTR tuning

of the filter allows for the recovery of some of that
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\J
%? {§@ robustness lost from the inclusion of a Kalman filter in
4

the control loop.

One of the major benefits of LAG controller design is

’t

g@ that the designer is provided with insights as to the next
;{ step in each iteration. These insights result from the

:‘ individual welghtings placed in the performance index and
a& from the assumed characteristics of the explicit and

; implicit models. For example, {f a certain control surface
55 exceeds, or even approaches, a limit during an iteration,
ﬁ the desligner knows to increase the welght on that element
':' . in the performance index on the next run.
o The fact that LTR tuning ylelded an lmproved
i% controller was somewhat unexpected, as the system is
b Qf% non-minimum phase and includes a PI controller rather than
:_ a proportlonal gain regulator. The type of the change In
;%% performance was also not predicted: not only is the
i) controller more robust, it also performs better at the
%? design condlition, contrary to the normal trade-off between
Ea performance at design conditions and robustness at

i off-design conditlions.
‘52 The major drawback to the use of LAGG/LTR design is
?? the lack of an {ntegrated design and analysis software

. package. Currently, three separate pieces of software must
:g be used to design and evaluate a controller completely.
‘aé Two of the codes, CGTPIF and PFEVAL, are written in FORTRAN
i% - IV and are semi-compatible. To use a file generated by
E?: Ry CGTPIF in PFEVAL, one must exit CGTPIF, save the flile,
b
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renamne the flle as a data file, and then run PFEVAL. To
use ODEF15, a FORTRAN V code, one must attach two separate
libraries and enter the system matrices, in both continuous
and discrete-time form, and the gain matrices from CGTPIF,
manually. This can be time-consuming and is not efficient

in the use of computer resources.

6-2 Recommendations for Further Study

The number one recommendation for future research was
addressed in the previous section. An integrated design
package is needed to make the study of LOG/LTR design
theory more practical for the design of a CGT/PI/KF

controller. This design tool could be built around one of

the state-of-the-art computer aided design (CAD) packages,
such as MATRIX X (18], and should be hosted on an AFIT
computer, preferably the VMS VAX. Using an integrated CAD
package has the advantage of built-in routines for Kalman
filtering, singular value and transmission zero solutions,
along with many other features of which the designer could
take advantage.

Another toplc for extended research would be to
derive the proper LTR technique for a filter with a PI
controller. Current research has derived LTR for the
regulator and this study indicated that form of LTR to be
beneficial to a PI controller, but there is currently no
physical or mathematical foundation for the use of

regulator LTR with the PI controller structure.
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Iﬁ& Finally, the applicability of structured singular

e
£
B

gy values (21] to the LQG/LTR design problem should be

E%& investigated further. Unstructured singular values were
:QQ previously shown to be of little benefit to design insight
[24), but structured singular values may be able to bound
%dg the performance and sensitivity of the controller, and

N thereby provide the designer with very pertinent

information for the synthesis of robust controller desligns.
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APPENDIX A. QDEFL5

A-1 Introduction
ODEF15 is an interactive computer program that was
developed originally by Capt. W. G, Miller (24] and
modified, as detailed in Chapter 5, for this study. ODEF15
is a nonlinear simulation tool that provides for the
possible inclusion of a Kalman filter, actuator dynamics
and/or saturations, rate and position limits, and the
additlion of anti-windup compensation. This appendlix
gives a brief description of the program and instructions
for its use. A list of the computer code and a sample

program execution are also given.

A=2 Proaranm Executlon

The original program, ODEACT, was designed only for the
evaluation of a full-state feedback CGT/PI controller for
the AFTI/F-16 (24). ODEF15 has been modified to allow for

the possible addition of a Kalman filter and ls specific

for the STOL F-15. To incorporate a Monte Carlo analysis

In the program, the IMSL library is lnvoked, for random

number generation, as well as the integration package ODE.

Both of these libraries are available on the ASD CDC Cyber.
Prior to entering ODEF15, all previously developed data

files that are to be used must be attached, along with the

".Y‘,‘q.;//"“v'.‘.' YRR
. . 3 :‘,1(l<141 IR R BT R S e

IMSL and ODE libraries. IMSL% and ODE must be declared as

R

it
vt
" o

llbrarlies before execution begins. The program will prompt

the user for all required entries, During the initial




execution, the user will be prompted to enter all required
matrices. The user must be cautious when a Kalman filter
-S Is evaluated, as there Is no bullt=-in protection against
accidentally entering a very large number of iterations In
o the Monte Carlo analysis. All of the time-response plots
ﬁ displayed at the user’s terminal can be routed to a line
o printer, or saved to a file, upon program termination.
Plot files for the CALCOMP plotter are also generated by

jﬁ the program and can also e saved or plotted as deslired.
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4
1088 C SIMULATION PROGRAM TD TEBT A PI OR CET/PI, WITH/WITHOUT KALMAN
B C FILTER, BABED ON A 4-STATE MODEL OF THE STOL F-1S. OPTIONS
1o C INCLUDE MODIFICATION OF DYNAMICS MATRIX, USE OF 2-8TATE
0N C ACTUATOR MODELS, APPLICATION OF RATE/POSITION LIMITS ON ACTUATORS,
) C AND EMPLOYMENT OF ANTI-WINDUP COMPENBATION. UBER SUPPLIES DYNAMICS
Xt C MATRIX, OUTPUT MATRIX, CGT COMMAND MODEL, CONTROLLER GAINS AND
:‘ < g KALMAN FILTER MATRICES.
.&%‘ C DATE OF LAST REVISION: 01 NOV 85
) C LIBRARIES UBED: ODE,IMBLS
Cc
'\' LB EEEEEEREEEREE EEEEEEEEEEEE I N NN R . ) ¢ 0000000000
L c
;-‘:-' REAL WORK(3352),X(12),DX(12),0UT(S1,4),T, TOUT, TBAMP, PLTVEC(260)
KT REAL XTENP(12)
s REAL ANORK(4,4),BHORK(4,4),CHORK (4, 4), AM(4,4),BH(4,4),2(2)
® REAL IPHIX(4,4)
T REAL RELERR,ABSERR,DBIN,OUT1(S1,%),U0UT2(S1,4),UOUT3(S1,5),Y(4)
0 REAL V(3),EVTIP(2)
D& INTEGER NR, MM, JJJ
p DOUBLE PRECISION DSEED
'-""' ‘;3; INTEGER I.J'K' !m.m'm'm. Im¢5),lwlﬂ
t‘ INTEGER MMFLAG, 1 IFLAG
o COMMON/MATRIX/UO(2) , AC12, 12, C(4, 12) KX (4, 12) ,KZ(4,4) ,KXM(4, 4),
3 1 KXU(4,4),PHI (4,4),PHINT (4,4),CH(4,4),B(3,3),EV(2), KFLAG, MM
s COMMON/CONTRL/UNEW (4 , UOLD (4) , UCHD (4) , UCOLD (4) , XOLD(12),
L 1 XMOLD(4), XM(4),MFLAB, EVA(2),
-3 1 H(3,4),PHIX(4,4),BD(4,3),0D(4,4),R(3,3), XHP(4) , XHM(4) ,K(4,3)
- c
"')' X EXTERNAL F1,F3,F4,F8TOL
5::‘ CHARACTER ANBHXS, TITLESIO0, DATA%XE, SAVERS, PLOTXE
2
® c
P C INPUT SECTION. DATA MAY BE READ IN FROM AN 'OLD’ FILE, AND SAVED
\f.: C TO ANY OTHER FILE. ONLY ONE SET OF DATA PER FILE NAME. PLOTS ARE
S5 Cc LE
% c
e
N
it 20 PRINTS,’ INCORPORATE KALMAN FILTER? Y/Ni’
Y READ(E,’ (A)') ANBM
7.’ IF CANBM.NE.’Y’ .AND.ANSN.NE.’N’) 60 TO 20
o IF CANBW.EQ.'Y’) IIFLAGs]
o IF (ANGW.EQ.'N') 11IFLAG=O
¢ . 902 PRINTX,’DATA TO BE READ FROM FILE? Y/Ni *
AN Oy READ(S, ’ (A)’ )ANBHW
?’; ) IFCANBW.NE. 'Y" . AND.ANBN.NE.'N') G0 TO 902
TEAY
-
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IF(ANSW.EQ.'N’) 60 TO 30
JCFLAG=0
PRINTX, 'ENTER NAME OF DATA FILE: °
READ(E, * (A)? )DATA
OPEN(2, FILE=DATA, STATUS=? OLD’ , FORM= UNFORMATTED’ , ERR=902)
READ(2) ((ACI,J),1=1,12),J=1,12)
READ(2) ((B(CI,J), I=1,3),J=1,3)
READ(2) ((C(I,J),1=1,4),J=1,12)
READ(2) ((KX(I,J),1=1,4),J=1,12)
READ(2) ((KZ(1,J),I=1,4),J=1,4)
READ(2) ( (KXUCI,J), I=1,4),Ju1,4)
READ(2) ( (KXM(I,J),Is1,4),J=1,4)
READ(2) (CAMCI, ), I=1,4),J=1,4)
READ(2) ((BM(I,J), I=1,4),Ju1,4)
READ(2) ( (CM(1,J), I=1,4),J=1,4)
IFCIIFLAG.ER.0) 80 TO 901
READ(2) ( (PHIX(I,J), I=1,4),J=1,4)
READ(2) ((BD(I,J), I=1,4),J=1,3)
READ(2) ((@DCI,J),I=1,4),J=1,4)
READ(2) ((H(I,J), Ist,3),J=1,4)
READ(2) ((K(I,J),I=1,4),J=1,3)
READ(2) ((R(I,J),1=1,3),J=1,3)
901 CONTINUE
REWIND(2)
CLOSE(2)
60 TO 140

FOR KEYBOARD INPUT, ONLY NON-ZERD MATRIX ELEMENTS ARE REGUIRED.
NO NON-ZERO ENTRIES SHOULD BE MADE FOR COLUMNS $,6,7,9,10 OR 11
OF A OR KX, BUT NO PROTECTION PROVIDED AGAINST DOING SO0.

OO0

30 DO SO I=1,12
DO 50 J=i,12
AC1,J)=0.0
SO  CONTINUE
DO 42 I=1,3
DO 42 J=1,3
R(I,J)=0.0
B(I,J)=0.0
42  CONTINUE
DO 64 I=1,12
DO 60 J=1,4
KX(J,1)=0.0
60 CONT INUE
DO 64 L=1,4
C(L,17=0.0
64 CONTINUE
DO 66 I=1,4
DO 66 J=1,4
PHIX(I,J)=0.0
KZ(1,J)=0.0
KXUCI,J)=0.0
KXMCI,J)=0.0




-
 1- -
SEEENY 66 CONTIME

Y R DO 70 I=1,4

5 DO 70 J=1,4
e ANCT, D=0
0y BM(I,J)=0
N CM(I,J)=0
Ko ancI,=0.0

70  CONTINUE

», DO 903 I=1,4
. DO 903 J=1,3
N H(J, 1)=0.0

e K(I,J)=0.0

7 BD(I,J)=0.0
e 903 CONTINUE

JFLAG=0

ok 72  PRINT%,’ENTER DYNAMICS MATRIX: ’
.45 CALL EDIT(A,12,12)
'::":: IF(JFLAG.NE.0) 60 TO 140
WAy 74  PRINTX,’ENTER CONTROL MATRIX: *
it CALL EDIT(B,3,3)

° IF (JFLAG.NE.O) GO TO 140
o 76  PRINTX, ENTER OUTPUT MATRIX: '
CALL EDIT(C,4,12)
R IF (JFLAG.NE.O) 60 TO 140
% 78  PRINTX,’ENTER KX MATRIX: '
(&"‘: CALL EDIT(KX,4,12)
, ® IF (JFLAG.NE.O) 60 TO 140
. 80  PRINTX,’ENTER KZ MATRIX: ’
0 CALL EDIT(KZ,4,4)
e IFCJFLAG.NE.O) 60 TO 140
it 82 PRINTX,’ENTER KXM MATRIX: '
o CALL EDIT(KXM,4,4)
D IF (JFLAG.NE.O) G0 TO 140
Ay B4 PRINTX,’ENTER KXU MATRIX: °
> CALL EDIT(KXU,4,4)
P IF (JFLAG.NE.O) 60 TO 140
e 86 PRINTX,’ENTER MODEL DYNAMICS MATRIX: *
and JCFLAG=0

CALL EDIT(AM,4,4)
IF(JFLAG.NE.O) 60 TO 140
PRINT%, "ENTER MODEL CONTROL MATRIX: *

Z,
>/

s A’} {.’ v X
v :

" JCFLAG=0
e CALL EDIT(BM,4,4)
B IF (JFLAG.NE.O) 60 TD 140
: 90  PRINTSX,’ENTER MODEL OUTPUT MATRIX: *
O CALL EDIT(CM,4,4)
S IF(JFLAG.NE.O) 80 TO 140
- IFCIIFLAG.EQ.0) 60 TO 140
i 904 PRINTS,'ENTER STATE TRANSITION MATRIX:'
Car CALL EDIT(PHIX,4,4)
s . IF(JFLAG.NE.O) 60 TO 140
e 905 PRINTX,'ENTER DISCRETE TIME INPUT MATRIX’
SO CALL EDIT(BD,4,3)
25y
o

00c:

'ESCIY

v
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140

142

oF

130
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IF(JFLAG.NE.O) 80 TO 140
PRINTS, "ENTER DIGCRETE TINE COVARIANCE MATRIXs®
CALL EDIT(QD,4,4)
IFCJFLAG.NE.0) 680 TO 140
PRINTE, "ENTER MEASUREMENT MATRIX:’
CALL EDIT(H,3,4)
IF(JFLAG.NE.O) 80 TO 140
PRINTS, "ENTER KALMAN FILTER GAING:’
CALL EDIT(K,4,3)
IF(JFLAS.NE.0) 60 TO 140
PRINTS, "ENTER MEASUREMENT NOISE COV. MATRIX’
CALL EDIT(R,3,3)
IF(JFLAG.NE.O) 60 TO 140
PRINTS, 'ANY CHANGES TO MATRICES? Y/N: !
READCE, ! (A)? ) ANSW
IF CANSBN. NE. ' Y’ . AND. ANBW. NE."N’) 80 TD 140
IF CANBN.EQ.'Y?) THEN
PRINTS, ? 1=A 2=C  3=KX  4=KZ  SeiXM  G=KXUY
PRINTS,"7=AM  GuBM  9uCM 10=B *
PRINTE,” 11=PHIX 12=BD 13=GD 14eH 15K 16=R’
PRINTS,’ ENTER CHOICE:’
READS, JFLAS
80 TO (72,76,78,80,82, 84, 86, 88, 90, 74, 904, 905,
1 906,907,908,909) JFLAG
ELSE

JFLAG=0
END IF
PRINTS, WRITE DATA TO OUTPUT FILE? Y/Ng '
READ(X, ? CA)* YANSH
IF CANSW. NE. Y’ . AND. ANBW. NE. 'N’) 80 TO 150
IFC(ANSW.ER.'Y?) THEN
PRINTS, "ENTER NAME OF OUTPUT FILE: *
READCE, * (A)? )SAVE
OPEN(3, F ILE=SAVE, FORM=" UNFORMATTED? , ERR=80)
WRITE(3) ((ACI, ), I=1,12),J=1,12)
WRITE(3) ((B(I,J), I=1,3),J=1,3)
WRITE(3) ((C(I,J), In1,4),J=1,12)
WRITE(3) ((KXCI, ), I=1,4),J=1,12)
WRITE(3) ((KZ(I,J), In1,4),I=1,4)
WRITE(3) ((KXUCI, 3), Iui,4),Jui,4)
WRITE(I) C(KXMCI,J), Ing,4),In1,4)
WRITE(3) (CAMCI,J), Int, 4),J=1,4)
WRITE(3) (CBMCI,J), In1,4),J=1,4)
WRITE(I) ((CMCI,J), In1,4),J=1,4)
IF(IIFLAG.EQ.0) 80 TO 910
WRITE(3) ((PHIXCI, ), I=1,4),J=1,4)
WRITE(3) (CBOC(I,J), I=1,4),J=1,3)
WRITE(3) ((QDCI,J), I=1,4),J=1,4)
WRITE(3) ((H(I,J), [=1,3),Ju1,4)
WRITE(3) ((KCI,J),I=1,4),J=1,3)
WRITE(I) C(RCI,J), I=1,3),J=1,3)

372 910 CONTINUE

ENDF ILE(D)




REWIND(I)
CLOBE(D)
END IF

SET UP CONDITIONS FOR CALLING ODE. ALL INITIAL CONDITIONS
ZERO UNLESS CHANGED BY UBER INPUT.

134

136

138

160

o 170

IF (JCFLAG.EQ.0) THEN
PRINTS, 'ENTER SAMPLING TIME: *
READZ, TEANP
CALL DSCRT(AM, 4, TSAMP, PHI, PHINT, 30, ANORK, BHORK, CNORK)
CALL MATML CPHINT, B, ANORK, 4, 4,4)
CALL COPYMT CAMORK, PHINT, 4, 4)
PRINTS,? !
JCFLAG=1

END IF

PRINTS, "ENTER CANARD TRIM ANGLE OF ATTACK'

READS, EV(1)

PRINTX, 'ENTER STABILATOR TRIM ANGLE OF ATTACK IN RADIANG !

READS, EV(2)

EVIWP(1)=EV(1)

EVTIP (2)=EV(2)

PRINTS,’ RATE/POSITION LIMITS? Y/Ni !

READ(E, ? CA)* YANGH

IF CANGW. NE.’Y* . AND. ANSH.NE.'N’) 60 TO 154

IF CANSH.EQ.'Y’) MFLAG=1

IF CANBN.EQ. 'N’ ) MFLAG=0

PRINTX,’ ANTI-WINDUP COMPENSATION? Y/Ni '

READCX, ? (A)? YANSH

IF CANSW.NE. 'Y’ . AND. ANSW.NE. 'N' ) 80 TO 156

IF CANSH.EQ.'Y?) NFLAG=1

IF (ANSW.EQ.'N’) NFLAG=O

PRINTX, "ENPLOY ACTUATOR DYNAMICS? Y/Ni °’

READ(X, ! CA)* YANBH

IF CANBN. NE. ' Y? . AND. ANSW. NE. *N? )80 TO 222
IF CANSM .. ER. ' ¥? )Mat=0
IF CANBM. ER. * N’ ) itm1

PRINTS, ENTER DESIRED RESPONSE DURATION: '

READS, DEIN

IF(DBIM.LT.0.1) 80 TO 158

IDGIM=INT (DEBIM/ (S0.OXTEAMP)+,99)

DO 170 I=1,12
X(I)=0.0
XOLD(I)=0.0

CONTINUE

EVA(1)=0.0

EVA(2)0.0

DO 172 I=1,4

UGLD(I)=0.0
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172

173
180
190

913

914

Y(1)=0.0
XHP(1)=0.0
XHMC1)=0.0
UNEN(1)=0.0
CONTINUE
DO 175 I=1,4
UCHD(1)=0.0
UCOLD(I)=0.0
XM(1)=0.0
XMOLD(1)=0.0
Y(1)=0.0
CONTINUE
PRINTS, "ENTER I AND X(I); 0,0 TO TERMINATE: '
READS, I111,EL
IFCITIT.LE.12.AND. I1I1.6E.1) THEN
XCIITD)=EL
a0 TO 190
ELSE IF(IIII.EQ.0) THEN
60 TO 200
ELSE
PRINTS, ' SUBSCRIPT OUT OF RANGE’
80 TO 180
END IF
PRINTX,? SELECT COMMAND INPUT & STEP MAGNITUDE:’
READX, IK, ELL
IF (IK.LE. 3. AND. IK. 6E. 1) THEN
UCMDC IK) =ELL
ELSE
PRINTS,’ SUBSCRIPT OUT OF RANGE’
@0 TO 200
END IF
T=0.0
TOUT=0. 0
IFLAGe—-1
RELERR=1.E-08
ABSERR=1.E-07
UD(1)=0.0
U0(2)=0,0
IF CIIFLAS. E. 1) THEN
PRINTS, 'ENTER SOURCE OF OUTPUT MEABUREMENTS'
PRINTS, ’ 1=GYSTEM STATES 2=OUTPUT VARIABLES'
READE, NN
IF (NN. ED. 1) THEN
PRINTS, 'ENTER STATES TO BE MEASURED (3)'
READE,L,M,N
IFC(L.6T.12).0R. (L.LT.1)) 60 TO 913
IF((M.GT.12).0R. (M.LT.1)) 80 TO 913
IFC((N.6T.12).0R. (M.LT.1)) &0 TO 913
ELSE
PRINTX, 'ENTER OUTPUT VARIABLES TO BE MEASURED (3)'
READS, L, M,N
IF((L.6T.3).0R. (L.LT.1)) G0 TO 914
IF((M.QT.3).0R. (W.LT.1)) 80 TO 914
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IFC((N.GT.3).0R. (N.LT.1)) G0 TO 914

-' END IF
END IF
XITER=1.
o IFCIIFLAG.EQ.0) 80 TO 920
N 951  PRINTS,’ENTER # OF ITERATIONS FOR FILTER AVERAGE'
T READX, XITER
> NR=3
') PRINTS, "SELECT SEED VALUE FOR RANDOM # GENERATION’
b READX, DGEED
Aty 937 PRINTS,’CONTROL BASED ON XHAT+ OR XHAT-?'
g PRINTS, ! XHAT 41 XHAT-=2!
W READS, JWFLAS
e IFC(JMFLAG. GT.2) .OR. (JMFLAG.LT.1))@0 TO 937
_ 920 CONTINUE
-'5_‘ DO 750 11'1'51
e QUT(II,1)=0,
OUT1(I1,1)=0,
s UOUT2(II,1)=0.
X UOUT3(11,1)=0.
o : OUT(II,2)=0.
OUT(11,3)=0.
i OUT(II,4)=0.
¥ OUT1(11,2)=0,
Yo OUT1(11,3)=0,
e & OUT1(I1,4)=0,
] OUT1(I1,5)=0.
v UOUT2(11,2)=0.
& UOUT2(11,3)=0.
5 UOUT2(11,4)=0.
- UOUT3(11,2)=0.
X UOUT3(11,3)=0.
D UOUT3(IT,4)=0.
-55 UOUT3(11,5)=0.
o 750 CONTINUE
e IFCIIFLAG.EQ.0) 60 TO 1040
o DO 780 1JK=1,XITER
‘B Tw.o
{ TOUT=0.0
- IFLAG=-1
3 RELERR=1. E-08
-f- ABSERR=1.E-07
2 U0(1)=0.0
Wl UD(2)=0.0
' DO 1010 I=1,4
e XM(I)=0.0
A UOLD(1)=0.0
N UNEN(I)=0.0
o UCMD (1) =0,
UCOLD(1)=0.
® ... XMOLD(1)=0,
R o Y(1)=0.
b XHP(1)=0,
NSy
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e e,

T XHM(I) =0,
‘ 1010 CONTINUE
DO 1020 I=1,12
y XTEMP(1)=0,
X¢I)=0.
XOLD(CI)=0.
1020 CONTINUE
XCIIID=EL
- UCMDCIK) =ELL
EVA(1)=0.0
EVA(2)=0.0
EV(1)=EVTIP(1)
EV(2)=EVTIP (2)
1040 CONTINUE
DO 300 I=IDBIM+1,SIXIDEIM+L
CALL ERXSET(300,0)
CALL MATML(C,X,Y,4,12,1)
IF CIDSIN.NE. 1. AND.MOD( I, IDSIM).EQ.1) THEN
J=INT(1/1D8IN)
OUT(J, 1)=TOUT+OUT(J, 1)
OUT(J,2)=Y(1)+0UT(J,2)
OUT(J,3)=Y(2)+0UT(J, 3)
OUTCJ, 4)=Y(3)+0UT (T, 4)

‘_:5..‘ !

B S L

PR LY R
« ST
Y

,._
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-

1@ ey ih

OUT1(¢J, 1)=TOUT+OUT1¢J, 1)

= OUT1(J,2)=UNEM (1) +0UT1(J,2)

w’ OUT1 ¢J, 3)=UNEN(2) +0UT1 (T, )
OUT1 (J, 4)=UNEW (3) +0UT1(J, 4)
OUT1(J, S)=UNEW(4)+0UT1 (T, )

N AN N

UOUT2(J, 1)=TOUT+UOUT2(J, 1)
UOUT2(J, 2) =X (S) +U0UT2(J, 2)
UOUT2(J, 3)=X (7)+U0UT2(J, 3)
UOUT2(J, 4)=X (9) +U0UT2(J, 4)

" e,

s UOUT3(J, 1)=TOUTHIOUT3(J, 1)
N UaUTICT, 2)=X (1) +U0UT3CT, 2)
) UOUT3(J, 3)=X(2)+U0UT3(J, )
e UOUTA(J, 4)=X(3)+UOUT3(J, 4)
A UOUT3IC(T, 3)=X (4)+UOUTI(], S)
ELSE IFCIDSIM.EQ.1) THEN
J=I-1D8IM
o OUT(J, §)=sTOUT+OUT(J, 1)
OUT(J,2)=Y(1)+0UT(J,2)
; OUT(J,3)=Y(2)+0UT(J,3)
OUT(J, 4)=Y(3)+QUT(J, 4)

22 L
O

OUT1¢J, 1)=TOUT+OUT1(J, 1)

OUT1(J, 2)=UNEN(1)+0UT1 (J,2)
OUT1(J, 3)=UNEM(2) +0UT1 (J, 3)
OUT1(J, 4)UNEW(3) +OUT1(J, 4)
OUT1 (J, 5)=UNEW (4)+0UT1 (J, S)
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UOUT2¢J, 1)=TOUT+UOUT2(J, 1)
UOUT2¢J, 2) =X (3)+UOUT2¢J, 2)
UOUT2¢J, 3)=X(7)+U0UT2(J, 3)
UOUT2(J, 4)=X (9) +UOUT2(J, 4)
c
UOUT3(J, 1)=TOUT+IOUT3(J, 1)
s UOUT3(J, 2)=X (1)+U0UT3(J,2)
) UouT3(J, 3)=X(2)+UOUT3(J, 3)
e UOUT3(J, 4)=X(3)+UOUT3(J, 4)
:‘Eﬁ UOUT3(J, 5) =X (4)+U0UT3(J, S)
% END If
M TOUT=TOUT+TSAMP
M IF (IIFLAQ.EQ. 1) THEN
CALL GBNML (DEEED, NR, V)
e V(1)=R(1,1)%V(1)
iy V(2)=R(2,2)3V(2)
e V(3)=R(3,3)2V(3)
Ao IF (NN.EQ. 1) THEN
e Z(1)mXCLI+VCL)
° Z(2)=X(M)+V(2)
et Z(3)=X(N)+V(3)
e ELSE
i3 ZC1)=Y(LI+V(L)
e 2(2)=Y(M)+V(2)
W 1(3)=Y(N)+V(3)
s END IF
CALL KFILTCD)
C IF(JMWFLAS.EQ.1) THEN
-l DO 915 J=1,4
W XTEMP (J)=XHP(J)
AN DO 915 KK=S,12
®) XTEMP (KK)=0. 0
w 915 CONTINUE
o DO 980 J=1,4
o XTEMP(J)=XHM(J)
ori DO 980 KKwS,12
C XTEMP(KK)=0, 0
O 980 CONTINUE
51 END IF
Y CALL GCSTAR(XTEMP,NFLAS)
e DO 230 J=1,12
e XOLDCT)=XTEMP(J)
- 2350 CONTINUE
DO 260 J=1,4
> UOLD(J)=UNEW(J)
N 260 CONT INUE
e DO 262 J=i,4
SR UCOLD(J) =UCHD (J)
S XMOLD (J)=XM(¢T)
SRRt 262 CONT INUE
i i ELSE
. -\ \‘
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o P CALL GCSTAR(X,NFLAQ)
s DO 1060 Ji=t,12
. XOLD CJM) =X (M)
o 1060 CONTINUE
e DO 1070 Jw=1,4 F
N XMOLD (JM) =XMCIM)
3 UCOLD (JH) =UCHD (JW)
3 LIOLD (JM) =sUNEN (JM)
) 1070 CONTINUE
o END IF
v CALL ODE(FSTOL,12,X, T, TOUT,RELERR, ABSERR, IFLAG, HORK, IWORK)
n T=TOUT
SN IFCIFLAG.NE.2) THEN
w PRINT? (* IFLAG = *,12)’,IFLAG
ELSE
S84 IFLAG=-2
o END IF
S 300 CONTINUE
2 780  CONTINUE
e IF (1IFLAG.EQ.0)80 TO 1310
° DO 735 I=1,51
OUTCI,1)=0UT(I, 1) /XITER
e OUT(1,2)=0UT(I,2)/XITER
o OUT (I, 3)=0UT(I,3)/XITER
RS OUT(I,4)=0UT(I,4)/XITER
oL s OUT1CI, 1)=0UT1(1, 1) /XITER
] o OUT1 (1, 2)=0UT1(1,2)/XITER
- OUT1(I,3)=0UT1(I,3)/XITER
o OUT1(I,4)=0UT1(1,4)/XITER
oy OUT1¢1,5)=0UT1(1,5) /XITER
k- UOUT2(I, 1)=U0UT2(1, 1) /XITER
o UOUT2(1, 2)=UOUT2(I,2) /X ITER
® UoUT2(1, 3)=U0UT2(1, 3) /XITER
N UOUT2(1, 4) =UOUT2(I,4) /XITER
! UOUT3(I, 1)=U0UT3(1, 1) /XITER
AN UOUT3(1,2)=UOUT3(1,2) /XITER
- UOUT3(1, 3)=UOUTI(I,3) /XITER
0 UOUT3(I,4)=UOUTI(T, 4) /XITER
L UDUT3(T, 5)=UOUT3( 1, 5) /XITER
735  CONTIMUE
4% 1310 CONTINUE
g 999 PRINTE,’ 1=0UTPUT VARIABLES 2=CONTROL INPUTS °
N PRINTS,’ 3=CONTROL DEFLECTIONG 4~SYSTEM STATES'
2% READS, MWFLAG
y- 80 TO (1000,1100,1200,1300) MMFLAG
e 1000 CALL SETPLT(OUT,S1,S5,PLTVEC)
3 PRINTX, ' + ENTER TITLE FOR PLOT +
b PRINTX
v READ(%,’ (A)?)TITLE
v CALL PLOTLP(PLTVEC,S1,3,-1,1,0, TITLE)
e .= 60 TO 1400
S 1100 CALL SETPLT(OUT1,51,S,PLTVEC)
o PRINTS,’ + ~ENTER TITLE FOR PLOT +
L
3
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wrE PRINTX
T READ(X,’ (A)?)TITLE
CALL PLOTLP(PLTVEC,S1,4,-1,1,0, TITLE)
60 TO 1400
1200 CALL SETPLT(UOUT2,S51,S,PLTVEC)
PRINTX,’ ¢ —ENTER TITLE FOR PLOT +?

PRINTSX
READ(X,? (A)?)TITLE
CALL PLOTLP(PLTVEC,S1,3,-1,1,0,TITLE)
60 TO 1400
1300 CALL SETPLT(UOUT3,St,S,PLTVEC)
PRINTX,' + ENTER TITLE FOR PLOT +?
PRINTX
READ(X, " (A)?))TITLE
CALL PLOTLP(PLTVEC,S51,4,-1,1,0,TITLE)
1400 PRINTX,’ MORE OUTPUT Pwm
READCX, ! (A)? )ANGW
IF CANSH.NE. 'Y’ .AND.ANSW.NE.'N’) 60 TO 1500
IF CANSW.EQ.'Y’) 80 TO 999
1300 CONTINUE
3214 PRINTS,’ INPUT NAME FOR CALCOMP PLOT OF OUTPUT’
READ(X, ' (A)?))PLOT
OPEN(S, FILEsPLOT, STATUS=’ NEW' , FORM=' FORMATTED’ , ERR=3214)
WRITE(S, FMT=’ (4E20.%) ") ((OUT(J, 1), I=1,4),J=1,51)
ENDFILE (%)
‘{u REWIND(S)
4 CLOSE(S)
3215 PRINTS,? INPUT NAME FOR CALCOMP PLOT OF CTRL. DEF.’
READCX, ’ CA)’ )PLOT
OPEN(6, F ILE=PLOT, STATUS=" NEN’ , FORM=’ FORMATTED' , ERR=32115)
WRITE(6,FMT=? (4E20.5)7) ((UOUT2(J, 1), I=1,4),J=1,51)
ENDF ILE(6)
REWIND(6)
CLOSE(6)
PRINTX, "CHANGE MATRICES? Y/Ni '
READ (%, ’ (A)’ )ANBW
IF CANSW.NE. 'Y? . AND.ANSW.NE."N') 80 TO 523
IFCANSW.EQ.’Y’) @0 TO 142
S30 PRINTE,’MORE RUNS WITH NEW MODEL? Y/Ni '’
READ(Z, * (A)’ )ANBW
IF CANSW.NE. 'Y? . AND.ANSW.NE. 'N') 80 TO 3530
IFCANBN.ER.'Y’) 60 TO 20
END

END PROGRAM ODEF13

SUBKOUTINE FSTOL(T, X,DX)

»

® 9606600600600 00606000800 0600060006000 008206008080 060000600600006006000600600006080000

00000 O0MNOO

112

P T e e L T e s e T . LTS .
“ . . R . ’»‘ -_ . n e S At .v\v.‘. . >
»

J‘_.ln’tqd.j.;« L'L L“‘A’A.'& A ERIACUERES .P-lAhMM“LMLMMmmw




THIS 18 A 8ET OF F! ORDER ORDINARY DIFFERENTIAL EQUATIONS THAT
DEFINE THE THE DYNAMICS OF THE 8TOL F-13 AIRCRAFT.

ACTUATOR DYNAMICS ARE INCLUDED AS ENTERED IN THE 12 X 12

A MATRIX WHICH HAS BEEN ENTERED AT THE ONSET OF THE PROGRAM

IT IS ASS\MED THAT SECOND ORDER ACTUATORS ARE ASSOCIATED WITH
THE STABILATOR AND CANARD, AND FIRST ORDER WITH THE NOZILE.

NOTE THAT A NON-LINEARITY IS INTRODUCED INTO THE WODEL BY THE
CONTROL OF BOTH THRUST AND NOZILE DEFLECTION.

v i

¢
OOO000O0O00O0 0O

O OB 000000 0PVP00 8060008 0606000000008 000000000006000000600000600060060060606060000

W_‘_ ‘__
e

yNely

« .
T \J PRERPRPRNRES

£ . . ARV

L el Ton 0 L . .

g REAL T,X(12),DX(12),BNL(3,3)
b COMMON/MATRIX/UO(2), AC12, 12),C(4, 12) ,KX(4,12),KZ(4,4) ,KXM(4,4)
. 1,KXUC4,4) ,PHI (4, 4), PHINT(4,4),CN(4,4),B(3,3),EV(2) ,KFLAG, M

iz

COMMON/CONTRL /UNEW(4) , UOLD (4, UCMD (4) , UCOLD (4)
1,X0LD(12) , XMOLD (4), XM(4) , MFLAG, EVA(2)

5
b g
. ﬂ‘:_.l'.
S
AT S N

I c

-"j' C

® , DO 444 I=1,D
A DO 444 J=1,3
BNL(I,J)=0.

444 CONT INUE
SET THE SIGN TO ACCOUNT FOR CONTROL SURFACES PASSING
THROUGH A ZERD ANGLE OF ATTACK RELATIVE TO THE A/C

o

000

EVA(1)=EV(1)+X(3)
< EVA(2)=EV(2)+X(3)
e DO 5000 II=1,3

o BNL(II,3)=B(II,3)
D DO 5000 JJ=1,2
BNL(II,JJ)=B(II,JJ)
o IFCEVACJJ).6E.0) THEN
IF CCUOCTTI+EVACIT)).LT.0) THEN
e BNL(1,J0)=-B(1,J])
ENDIF
ELSE

IFCCUOCITI+EVACIT) ) .BT.0) THEN

BNL(1,J])=-B(1,J)

ENDIF
- ENDIF
ol 5000 CONTINUE
9 IF (MM.EQ. 1) THEN

DX(1)=AC1, 1)EXC1I+ACT, 2)XX(2)+AC1, D EX(I)+ACL, 4) XX (4)
14+BNL (1, 1) SUNEWC1)+BNL (1, 2)XUNEW (2) +BNL (1, 3) SUNEW(3)
DX(2)=A(2, 1)3X(1)+A(2, 2) XX (2)+A(2, D EX(3)+A(2, 4) XX (4)
1+BNL (2, 1) SUNEW( 1) +BNL (2, 2) XUNEW (2)

DX(3)=A(3, 1)2X (1) +A(3, 2) XX (2)+A(3, 3) XX (3)+A(3, 4) XX (4)
1+BNL (3, 1 )SUNEW( 1) +BNL (3, 2) XUNEMW (2)

DX(4)=X(2)

DX {S)=0.

I}

e
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e
o
¢
s
o
S DX(6)=0.
Ly DX(7)=0,
. DX(8)=0.
! DX(9)=0.
e DX(10)=0.
DX(11)=0,
C: DX(12)=0.
o UOC1)=UNENC1)
‘ UD(2) =UNEW(2)
Q: X (S)=UNEN(1)
: XC7)=UNEN(2)
A % . X (9)=UNEW(3)
k-~ ELSE
DXC1)=ACE, 1)XXC1)+ACL, 2)EX(2)+AC1, 3) XX (D) +A(1, 4)XX(4)
e 1+BNL (1, 1)XX(S)+BNL(1,2) XX (7)+BNL (1, 3) %X (9)
o DXC2)=A(2, 1)XX(1)+A(2,2) XX (2) +A(2, ) XX () +A(2, 4) XX (4)
o 1+BNL (2, 1) X (S) +BNL. (2, 2) %X (7)
.. DX(3)=A(3, nxxtnmca,znxmﬂcs,snx (3)+A<3,4nx(4>
k- 14+BNL (3, 1) XX (5) +BNL (3, 2) XX (7)
e DX(4)=X(2)
- DX(S)=X(6)
) DX(6)=-8356. XX (3)-303. $X (6)+8336. SUNEW(1)
‘ DX(7)=X(8)
b DX(8)=—8356. $X(7)-303. £X (8) +8356. KUNEW(2)
N, DX (9)=-20. XX (9) +20. XUNEW(3)
s DX(10)=0,
5 DX(11)=0.
Yo DX(12)=0.
A UOC1)=X(S)
» UB(2)=X(7)
! END IF
c
I IF CWFLAS. EQ. 1) THEN
D IF(X(S).6E. .262.AND.DX(S).68T.0.0)DX(S)=0.0
"y IF(X(S) LE.~.611.AND.DX(S).LT.0.0)DX(5)=0.0
;:.‘9 IF(X(6).6E..401.AND.DX(6) .GT.0.0)DX(6)=0.0
'].. IF(X¢6).LE.~.401.AND.DX(6).LT.0.0)DX(6)=0.0
1 IF(X(7).6E..262.AND.DX(7).8T.0.0)DX(7)=0.0
s IF(X(7) .LE.~.506.AND.DX(7).LT.0.0)DX(7)=0.0
> IF(X(B).6E..803. AND.DX(8) .8T.0.0)DX(B8)=0.0
fi‘. IF(X(8).LE.-.B803. AND.DX(8) .LT.0.0)DX(8)=0.0
"~ END IF
e RETURN
END
7 Cc
o C END PUBPROGRAM FSTOL
L [»
c
> SUBROUTINE GCSTAR(X,NFLAG)
g :
';" N B9 6000000060600 60006000800000 0000060000009 80600600 060060060600060006000 0600000000000
g ¢
t
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i
ol
I
A C SUBROUTINE TO CALCULATE THE CONTROLS AT EACH SAMPLE TIME.
£ C ANTI-WINDUP COMPENBATED IF NFLAG=1,
y c
?.g: REAL X(12),DEL(12),DEL2(12)
b INTEGER NFLAS
o COMMON/MATRIX/UD(2) ,AC12,12),C(4,12),KX(4,12),KZ(4,4),KXM(4,4),
, 1 KXU(4,4),PHI (4,4),PHINT(4,4),CM(4,4),B(3,3),EV(2),KFLAG, MM
e COMMON/CONTRL /UNEM (4) , UOLD (4) , UCMD(4) , UCOLD (4) , XDLD(12),
.-& 1 XMOLD(4),XM(4) ,MFLAS,EVA(2)
CALL MATMLCPHI, XMOLD, XM, 4,4,1)
o CALL MATML(PHINT,UCMD,DEL,4,4,1)
i CALL MATAD(XM,DEL, XM, 4,1)
. CALL MATSB(X,XOLD,DEL,12,1)
R~ CALL MATML(KX,DEL,DEL2,4,12,1)
- CALL MATSB(UOLD,DEL2,UNEW, 4, 1)
- CALL MATSB(XM,XMOLD,DEL,4, 1)
A CALL MATML(KXM,DEL,DEL2,4,4,1)
CALL MATAD(UNEW, DEL2, UNEW, 4, 1)
~ CALL MATSB(UCMD, UCOLD,DEL,4,1)
% CALL MATML(KXU,DEL,DEL2,4,4,1)
¥ CALL MATAD(UNEW, DEL2,UNEW, 4,1)
<. CALL MATML(CM,XMOLD,DEL,4,4,1)
b _ CALL MATML(C, XOLD,DEL2,4,12,1)
¢ C CALL MATSB(DEL,DEL2,DEL,4,1)
. * CALL MATML(KZ,DEL,DEL2,4,4,1)
o CALL MATAD(UNEM, DEL2, UNEW, 4, 1)
o IF(NFLAG.EQ.1) THEN
ety IF CUNEN(1) . BT, . 49—, 873X (5) JUNEN(1)=(. 49~.B78X(35) ) %1,
e IF CUNEW(1).LT.~1. 14-. 875X (5) JUNEWC1)=(-1, 14-.B7%X(5))%1.
3 IF (UNEN(2) . GT. . 49-. 872X (7) JUNEN (2) =, 49-. 878X (7)
e IF CUNEM(2) .LT. -, 96~. 872X (7) JUNEWN(2) =~. 96—, 87XX (7)
g IF (UNEW(1) . 8T, . 706+X (5) JUNEN(1) =, 706+X ()
o IF CUNEW(1) .LT. . 706+X (5) JUNEWN (1) =—, 706+X (S)
o IF (UNEM(2) . 8T. 1. 522+ X (7) JUNEW(2) =1, 522+X(7)
- IF CUNEW(2) . LT.~1.522+X(7) JUNEW(2) =—1, 522+X (7)
- END IF
T RETURN
< END
o c
o C END SUBROUTINE G6CSTAR
c
%.":: c
o SUBROUTINE RPOUT (A,M,N)
s c
..::: B9 0050000000000 0600000600000000600 0800000000000 000000000008080000000000000
o C
e C THIS ROUTINE PRINTS OUT A REAL MATRIX A
1 c
‘ c.":“ DO 0606060606090 0666060 6060060600080 0060606806080 080608 0090600600880 000000800000800008008060000290
.:-’" o c
SR REAL A(M,N)
‘, \'::
e
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AN
1
-’_1:. s
oy A INTEGER I,J,N,M
o - DO 200 I=1,M
PRINT’ (* *,5(E11.4,3%X))7, (ACI,]),J=1,N)
A PRINTX
e 200 CONTINUE
.- END
o c
« c SUBROUTINE RPOUT
L]
P ¢
4 SUBROUTINE SETPLT(A,N,M, X)
B3
- ()
C THIS ROUTINE CONVERTS A REAL MATRIX OF DIMENSION N BY M INTD A
KR C VECTOR THAT IS COMPATIBLE WITH R.M. FLOYD'’S PRINTER PLOTTING
: C ROUTINE, PLOTLP. THE INPUT MATRIX IS A.
& C N= ROW DIMENSION OF A, THE NUMBER OF POINTS TO BE PLOTTED
.\ C M= COLUMN DIMENSION OF A, THE NUMBER OF FUNCTIONS TO BE PLOTTED +1
’, C X= THE PLOTTING VECTOR, DIMENSION N$M
c
C
.ri c
8% REAL ACN,M), X (NEM)
._.-;. INTEGER N,M,1,J
s (_‘» DO 100 J=i,M
DO 100 I=1,N
v XCI+CI-1)EN)=ACT, )
100 CONTINUE
S END
L c
C END SUBROUTINE SETPLT
9 ) c
AR c
32;: BUBROUTINE PLDTLP(A,N,M, IPSC, ISCL,LPTERM, TITLE)
oy
-*) ¢
L CTH
% C PR
) C A= VECTOR OF DATA, CONVERTED FROM MATRIX FORM BY SUBROUTINE SETPLT
C N= NUMBER OF POINTS (INDEPENDENT VARIABLE) TO BE PLOTTED
W C M= NUMBER OF FUNCTIONS (DEPENDENT VARIABLES) TO BE PLOTTED
-y C IPSC = -1-->ALL VARIABLES SCALED TOGETHER (1 PLOT)
c = 0-—)>SCALED TOBETHER AND SEPARATELY (2 PLOTS)
- c = +1-->SCALED SEPARATELY (1 PLOT)
T C ISCL = O0-->PLOT OVER EXACT RANGE OF VARIABLE
oy, c +1-->PLOT WITH EVEN SCALING
- c
f::) C
p-x A ¢
TSRS c
.)'l'. »
e
Ny
b4
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.‘ L]
s
P
‘it
e
Pl )-E‘ﬁ} c
M REAL YBCAL(6),YMINCE),YPR(11),RIBPAC, RNIN, RMAX, YL, YH, XPR, A(X)
: REAL SCAL
2% INTEBER IBLNK(6), IPSC, ISCL, LPTERM, IPAPER, ISPAC, IPRTI, ISC, J, IC, IX
o INTEGER IL,JP, ITENP, M1, M2, M, N, ICO, 1
<0 CHARACTER TITLESS0
5 CHARACTER®1 BLANK, PLUS, COLON, GRID, SYMBOL (6) ,0UT (101)
e DATA BLANK, PLUS,COLON, SYMBOL (1), SYMBOL (2)/? *, 747,047 117 120/
\ DATA SYMBOL (3),SYMBOL (4), SYMBOL (5) ,SYMBOL(6)/’ 37,747’56/
. IPAPER=SX ( 1 +LPTERM)
o ISPAC=10XIPAPER
0 RISPACSREAL ( ISPAC)
;?\ ISPAC=ISPAC+1
e IPRTI=IPAPER*1
RMIN=A (N+1)
gt RMAX=RMIN
N 25 DO 41 ISC=t,M
S Mi=ISCEN+1
- YL=A(M1)
e YH=YL
° M2=NE(ISC+1)
o DO 40 J=M1, M2
o IFCACT).LT.YL)THEN
b YL=ACD)
' END IF
. > IF (ACJ) . 6T.YH) THEN
G~ YH=A(D)
o END IF
ool 40 CONTINUE
o IF (YL.LT.RMIN) THEN
e RMIN=YL
K3 END IF
7y IF (YH. 6T.RMAX) THEN
a RMAX=YH
fa END IF
o IF (IPSC. BE.0) THEN
e CALL VARSCL (YL, YH,YSCAL (1SC),RISPAC, ISCL)
e END IF
YNINCISC)=YL
e 41  CONTINUE
o IFCIPSC.LE.0) THEN
e CALL VARSCL (RMIN,RMAX,SCAL,RISPAC, ISCL)
o END IF
e IC=2-1ABS(IPSC)
DO 42 IX=1,ISPAC
OUT (1X) =BLANK
et 42 CONTINUE
3 DO 100, ICO=1, IC
PRINT’ (*1°,11X,AS0)? , TITLE
v WRITE(4, ' (11X,AS0)"))TITLE
e WRITE(4, "’ (A1)? )BLANK
o PRINTS
SN DO 60 I=1,N
o
L 117




v T N T T O T O DT O T T TR TOR TN 7o R ram e s T Tw n'm'w'"wmw-rnwvﬂn-rva

XPR=A(I)
IF(MOD(I,10) .EQ. 0) THEN
GR1D=COLON
ELSE
GRID=BLANK
END IF
DO 44 IX=2,18PAC,2
OUT (IX)=GRID
44 CONTINUE
DO 46 IX=1,1SPAC,10
OUT CIX)=PLUS
46 CONTINUE
DO S5 J=1,M
IL=I+JEN
IF (IPSC.EQ. -1) THEN
JP=INT ( (ACIL)-RMIN) /SCAL)+1
ELSE IF(IPSC.EQ.0) THEN
IPS. . PSC+ICO
IFC1PSCT.EQ. 2) THEN
JP=INT ((ACIL)-YMINCJI)) /YSCAL(J) )+1
ELSE
JP=INT ( CACIL)-RMIN) /6CAL) +1
END IF
ELSE
JP=INT(CACIL)-YMINCJ)) /YSCAL(J))+1
END IF
50 OUT (JP)=5YMBOL (J)
IBLNK (J) =JP
ss CONTINUE
PRINT? (" *,F11.4,6X,101A1)?,XPR, COUT(IX), IX=1, ISPAC)
WRITE(4, ' (F11.4,6X, 101A1)? )XPR, COUTCIX), IX=1, IGPAC)
DO 59 J=1,M
ITENP=1IBLNK(J)
OUT CITEMP) =BLANK
CONTINUE
CONT INUE
ge IF CIPSC. NE. 1) THEN
IF CIPSCT.NE. 2) THEN
YPR(1)=RMIN
B~ DO 70 I=1,IPAPER
O YPRCI+1)aYPR(I)+10.XSCAL
b3 70 CONT INUE
ﬂ‘ PRINT’(*0 SCALE ",11E10.3)’,(YPR(I),I=1, IPRTI)
o WRITE (4, (A1)? )BLANK
~ WRITE(4,’(®  SCALE ",11E10.3))(YPR(I),I=1,IPRTI)
"::I WRITE(4,? (A1)’ )BLANK
o WRITE(4,’ (A1)?)BLANK
L0 END IF
.;'."‘. END IF
A IFCIPSC.ER. 1.0R. IPSCT.EQ. 2) THEN
¢ . DO 76 18C=1,M
R YPR(1)=YMINCISC)
o DO 74 I=1, IPAPER

g3
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YPR(I+1)=YPR(I)+10.XYSCAL (18C)
74 CONTINUE
PRINT’ ("0  SCALE *,Al,1X,11E10.3)’,SYMBOLCISC), CYPRCIX)
1,1xX=1, IPRTI)
WRITE(4, ’ (A1)? )BLANK
WRITE(4,°(*  SCALE *,Al,1X,11E10.3)?)SYMBOL(ISC),
1 CYPRCIX), IX=1, IPRTI)
76 CONTINUE
END IF
DO 90 ISC=1,36-N
WRITE(4, " (A1)" )BLANK
90 CONT INUE
100 CONTINUE
PRINT? (*1%)’
END

END SUBROUTINE PLOTLP

SUBROUTINE VARSCL (XMIN, XMAX, SCALE, REPACE, I18CL)

c
c
c
c
c

PP 000600600606 60606060006900000006006080600600006ss 0 000G 00000000000

THIS IS A SCALING ROUTINE THAT SUPPORTS PLOTLP
ADAPTED FROM R.M. FLOYD'S THESIS

$ OO POOE GO E 000000000800 00000000606006060060608 0060600000600 06000600 0006006000606

000000

REAL XMIN, XMAX, SCALE, RSPACE, EXP, XMINT, XMAXT
INTEGER 18CL, 1SCAL
IF C(XMAX. EQ, XMIN) THEN
XMIN=, SKXMIN-10.
END IF
SCALE=XMAX-XMIN
IF CISCL.NE. 0) THEN
EXP=INT (100. +.0810(SCALE) )-100.
FACTOR=10. $%(1. -EXP)
XMINT=XNINSFACTOR
XMAXT=XMAXSFACTOR
IF (XMAXT. GE. 0. ) THEN
XMAXT=XMAXT+. 9
END IF
IF CXMINT.LE.O. ) THEN
XMINT=XMINT-.9
END IF
XMINT=AINT CXMINT)
1SCAL =XMAXT-XMINT
IF (MODCISCAL, ) . NE. 0) THEN
ISCAL=ISCAL +3-MOD(ISCAL, S)
END IF
FACTOR=10. $X(EXP-1.)
XMIN=XMINTSFACTOR
SCALE=FACTORSREAL  ISCAL)
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H END IF
Xy W SCALE=SCALE/RSPACE
' END
d. c
-;E-_ C END SUBROUTINE VARSCL
'y ¢
> Cc
- SUBROUTINE EDIT(EDMAT,M,N)
\
- C THIS ROUTINE ALLOMS THE USER TO EDIT AN M BY N MATRIX EDMAT
v c
c
b REAL EL,EDMAT(M,N)
.‘.‘ xm "'N' I,J
" CHARACTER ANSHE1
10  PRINTS,’LIST CURRENT VALUES? Y/Ni ’
» READCE, ’ (A)* ) ANBW
° IF CANSW.NE. "Y'’ . AND. ANSW.NE. *N’) 80 TO 10
7, IF (ANBN.ER.’Y’) CALL RPOUT(EDMAT,M,N)
o PRINTS, 'ENTER 0,0,0 <CR> WHEN ALL CHANGES HAVE BEEN MADE'’
3 100 PRINTS, ENTER ROW #, COLUMN #, AND MATRIX ELEMENT: ’
b 110 READS,I,J,EL
Bl IFCI.6T.0.AND. I.LE.M.AND.J.6T.0.AND. J.LE.N) THEN
L F EDMAT(I, J)=€L
ao Yo 110
'\:‘: ELSE IF(I-EG.O.M.J.E0.0)T"EN
o5 150 PRINT%,’LIST MODIFIED MATRIX? Y/Ni '
o READ(E, ’ (A)? ) ANSH
IF CANBW. NE. ’ Y’ . AND.ANSNH.NE. ’'N’) @0 TO 150
9 IFCANSW.EQ.'Y’) CALL RPOUT(EDMAT,M,N)
3 200 PRINTS, "ANY MORE CHANGES TO THIS MATRIX? Y/N: '
o READ(E, ? (A)* )ANSW
. IF CANSM. NE.’ Y’ . AND. ANSW. NE. "N’ )60 TO 200
- IF (ANSW.EQ.’Y?)80 TO 100
vy IF CANSH. EQ. * N? )RETURN
). ELSE
PRINTS, ' SUBSCRIPT OUT OF RANGE'
- END IF
- . END
i C END SUBROUTINE EDIT
2l [
. c
SUBROUTINE MATML(A,B,C,L,M,N)
¢ -
R T C THIS ROUTINE WILL MULTIPLY TWO REAL MATRICES
L C A=AN L BY M MATRIX
oo
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REAL ACL,M),B(M,N),CCL,N)
INTEGER I,J,K,L,M,N
DO 100 I=1,L
DO 100 J=1,N
C(I,J)=0.0
100 CONTINUE
DO 200 I=1,L
DO 200 J=1,N
DO 200 K=1,M
CCI, )=CCI, ) +ACT, K)XB(K, )
200 CONTINUE
END
c
C END SUBROUTINE MATML

c
c

SUBROUTINE MATAD(A,B,C,L,M)

PP o065 060000060600060060000006000000000000 0000006000000 0006000000080 0000600006000

l

THIS ROUTINE ADDS TWO REAL MATRICES OF DIMENSION L BY M
A AND B ARE THE INPUTS, C IS THE SUM

OO0

LGP 00808000000 000000000606000 008000000600 0000000000000 006080606060006e06060060 00

00

REAL ACL,M),B(L,M),C(L,M)
INTEGER 1,J,L,M

DO 100 I=1,L
DO 100 J=1,M
CCI,)=ACI, J>+B(1,J)
100 CONTINUE
END
c
C END SUBROUTINE MATAD
c
c
SUBROUTINE MATSB(A,B,C,L,M)
c
c

C THIS ROUTINE SUBTRACTS REAL MATRIX B FROM REAL MATRIX A
C DIFFERENCE 18 RETURNED IN REAL MATRIX C.
C ALL THREE MATRICES ARE OF DIMENSION L BY M
c
c
REAL ACL,M),BCL,M),CCL,M)
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¥ Al DO 100 I=1,L
( DO 100 J=1,M
- C(I,J)=A(I,J)-B(I, D)
- 100 CONTINUE
2558 END
".\
2y

‘\_ - c

'. C END SUBROUTINE MATSB

|A) C

:;o N, C

& SUBROUTINE SMUL(A,B,C,L,M)
s c

DO 6060600000000 0006000806000080600008000800000000 0000060006000 00800 0060800060060 0

I

ROUTINE MULTIPLIES A REAL MATRIX BY A REAL SCALAR

vt

ALY THE SCALAR

T4 THE MATRIX

or C= THE PRODUCT

A B AND C ARE OF DIMENSION L BY M

P8O D SO CEO0OELIOELLLOIIPIOOEP0D000008 0006000000600 0600060806000 00600600060000e

000000000

i REAL A,B(L,M),CCL,M)
o INTEGER 1,J,L,M

O DO 100 I=1,L

: e DO 100 J=1,M

I - C(I,T)=A%B(I,])
. 100 CONTINUE

31 END

. S
e c
ot C END SUBROUTINE SMUL

) .~ ' c

B~ SUBROUTINE COPYMT(A,B,N,M)

U
L)
c
R
Pl
A B9 6 0606006000606 00603 800806000000 0000600 0000009000000t 00000006006060006006ee0se
"o,
o
N c
fal

.‘,}I

C THIS ROUTINE COPIES A REAL MATRIX A INTO REAL MATRIX B.
C BOTH MATRICES ARE OF DIMENSION N BY M.
c

e M 2.5,

:
-.'-}::E S-SRl R R R R R R R R R E E R E R R R R E E R R R E E R R R E E R EE RN
\:_x:l Cc

:}.;_.‘_: REAL A(N,M),B(N,M)

N lm I,J'N'"

o ]

DO 100 I=1,N
DO 100 J=1,M

[ ". 3z
oy B(I,J)=ACI, )
o 100 CONTINUE
RX o
i‘: c

'q‘

‘. C END SUBROUTINE COPYMT
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SUBROUTINE DSCRT (A, N, TSAMP, PHI, PHINT, M, TP, TIDENT , CWORK)

PP 000000680000 006000006060608000060000 00006006060 00600600060060800680 0080060000000 869060s

c
c
C
c
C A=
CN=
c
c
c
c
c
c

™

IS ROUTINE APPROXIMATES THE STATE TRANSITION MATRIX AND ITS
NTEGRAL FOR A TIME INVARIANT LINEAR SYSTEM AS A MATRIX EXPONENTIAL
A SMALL SAMPLE PERIOD. RESULTS RETURNED IN REAL MATRICES.
SYSTEM DYNAMICS MATRIX, TYPE REAL

STATE DIMENSION

SAMPLING PERIOD

= STATE TRANSITION MATRIX, TYPE REAL

NT= APPROXIMATE INTEGRAL OF PHI, TYPE REAL

NUMBER OF TERMS USED IN EXPONENTIAL EXPANSION

» TIDENT AND CWORK ARE DUMMY ARRAYS

T2

.
*
*
*
L]
*
*
*
*
.
*
*
.
.
*
*
.
.
*
*
*
*
*
*
*
*
*
*
*
*
*
*
.
*
*
*
*
*
*
*
*
.
.
L]
*
*
*
*
*
*
3
*
.
.
*
*
.
*
*
*
*
*
*
-
*
.
*
*

O

REAL A(N,N),PHINT(N,N),PHI(N,N), TIDENT(N,N), TP(N,N)
REAL CWORK (N,N)
REAL TSANP,RIJ
INTEGER I,J,M,N
DO 200 I=1,N
DO 100 J=1,N
TIDENT(I,J)=0.0
100 CONT INUE
TIDENT(I,1)=1.0
200 CONTINUE
CALL SMUL (TSAMP, TIDENT, PHINT,N,N)
CALL COPYMT(PHINT, TP,N,N)
CALL SMULCTSAMP,A,PHI,N,N)
DO 300 I=1,M
CALL MATML (TP, PHI,CWORK,N, N, N)
CALL COPYMT (CWORK, TP, N, N>
R1J=1.0/REAL(I+1)
CALL SMUL(RIJ, TP, TP,N,N)
CALL MATAD(PHINT, TP, PHINT,N,N)
300 CONTINUE
CALL MATML (A, PHINT, TP,N,N,N)
CALL MATAD(TIDENT,TP,PHI,N,N)

c
C END SUBROUTINE DSCRT
c
END
SUBROUTINE KFILT(Z)
c

C

C SUBROUTINE TO INCORPORATE THE KALMAN FILTER INTO THE LOOP FOR

C NON-LINEAR PERFORMANCE ANALYSIS.

c

R R R R R R R R R R R S A R R L R AR R R R R R R R KRR KRR KRR R K R
C

COMMON/CONTRL /UNEM (4) , UOLD (4) ,UCMD(4) , UCOLD(4), XOLD(12),




i

S 1 XMOLD(4),XM(4),MFLAG,EVA(2)
L 1 H(3,4),PHIX(4,4),BD(4,3),AD (4, 4),R(3,3), XHP(4), XHM(4) ,K(4, D)
A REAL AWORK(4, 1) ,BHORK (4, 1), CHORK (3, 1), DWORK(3, 13, EWORK (4, 1)
" REAL 2(3)

& CALL MATML(PHIX, XHP, ANORK, 4, 4, 1)
CALL MATML(BD, UNEW, BWORK, 4,3, 1)
- CALL MATADCAHORK, BHORK, XHH, ¢, 1)
s CALL MATML(H, XHM, CHORK, 3, 4, 1>

« CALL MATSB(Z, CHRK, DWORK, 3, 1)

p CALL MATML (K, DHORK, EWORK, 4,3, 1)
2 CALL MATADCXHM, EWORK, XHP, 4, 1)

) c

- C END SUBROUTINE KFILT

. c

.', END
.‘o

o
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"
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A-4 gGample Prodgram Execution

The following pages contain a sample run of ODEFI5 on

the CDC Cyber computer. ODEC is the compiled binary code
for ODEF15 and SCHLUS is the data file for the final
controller as given in Chapter 5. The output of the
computer is in upper case and user responses are in lower
case text. No plots are shown In thls appendix, but
Figures 5-9 through 5-23 are examples of the avallable

plots.

1295




g A
A LAY

- e o
k'] > B
AN,

e I

AR

..".\".l dore ek
".'1. ‘v’J- PR

T

ST

(SR

-

5O

SRR

3
']
-

“‘ » ¥
& | .
s -
& . B
e d

Iy

&

L 3 Jl

S

.....................................

/gt,ode,odec,schlus
FILE ODE RETRIEVED
FILE ODEC RETRIEVED
FPILE SCHLUS RETRIEVED
/lasl

IMSLS ATTACHED
/library(imsl5,ode)

LIBRARY(IMSLS,0DE)

/odec

INCORPORATE KALMAN FILTER? Y/N:
2y

DATA TO BE READ FROM FILE? Y/N:
?Y

ENTER NAME OF DATA FILE:

? schlus

ANY CHANGES TO MATRICES? Y/N:
?2n

WRITE DATA TO OUTPUT FILE? Y/N:
?2 0

ENTER SAMPLING TIME:

? .025

ENTER CANARD TRIM ANGLE OF ATTACK
? -.08%57

ENTER STABILATOR TRIM ANGLE OF ATTACK IN RADIANS
? -.00457
RATE/POSITION LIMITS? Y/N:

:N%I-WINDUP COMPENSATION? Y/N:

;HgLOY ACTUATOR DYNAMICS? Y/N:

;N¥ER DESIRED RESPONSE DURATION:

gN;gR I AND X(I>; 0,0 TO TERMINATE:
%EgEgToggHHAND INPUT & STEP MAGNITUDE:

ENTER SOURCE OF OUTPUT MEASUREMENTS
1=SYSTEM STATES 2=0UTPUT VARIABLES

EN%ER STATES TO BE MEASURED (3)

;N;ég': OF ITERATIONS FOR FILTER AVERAGE

;EEECT SEED VALUE FOR RANDOM # GENERATION

? 354

CONTROL BASED ON XHAT+ OR XHAT-?
XHAT+=1 XHAT-=2

?1

1=OUTPUT VARIABLES 2=CONTROL INPUTS
3=CONTROL DEFLECTIONS 4=8SYSTEM STATES
? 1
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?1 SAMPLE ODEF15 RUN, OUTPUT VARIABLES
. 0000 + + + + 3 + +
! .2000 + + + 23 + +
- . 4000 + + + 2+ 3 + +
N .6000 + + + + 3 + +
Y .8000 + + + +3 + +
0 1.0000 + + + +31 + +
V- 1.2000 + + + 2 3 1 + +
e 1.4000 + + + 2 3+ 1 + +
" 1.6000 + + + 3 1 + +
v 1.8000  +: @ : : z4: : : oz z4: 3 32 143 : oz oz o4: ooz oz o4
- 2.0000 + + + 3 2 + 1 + +
o 2,2000 + + + 3 2 + 1 + +
o 2.4000 + + +3 2 + 1 + +
Rads 2.6000 + + 3+ 21 + +
" 2.8000 + + 3+ 21 + +
A 3.0000 + + 3 + 2+ 1 + +
ol 3.2000 + + 3 + 2+ 1 + +
[ - 3.4000 + + 3 + 2 1 + +
o 3.6000 + + 3 + 2+ 1+ +
v 3.8000 +: 00 00t 43 s ot 8 2 4 oo sl oo o H
%ﬂ 4.0000 + +3 + 2+ 1+ +
e 4.2000 + 3 + +2 1 + +
o 4.4000 + 3+ + +12 + +
'J? 4.6000 + 3 + + 1 o+ 2 + +
k.- 4.8000 + 3+ + 1 +2 + +
ALY 5.0000 + 3+ 1 +2 + +
\e 5.2000 + 3 + 1 +2 + +
5.4000 + 3 + +1 +2 + +
o 5.6000 + 3 + + 1 + 2 + +
N 5.8000 +: 003 3 s oror o o4 or oot 4123 5 or o t#r oot o4
‘fx 6.0000 + 3 + + + 2 1+ +
A 6.2000 + 3 + + +2 + 1 +
6.4000 + 3 + + 2 + 1 +
‘X 6.6000 + 3 + + +2 + 1 +
N 6.8000 + 3 + + + 2 + 1 +
e 7.0000 + 3 + + + 2 1+ +
e 7.2000 + 3 + + + 21 + +
. 7.4000 + 3 + + 1+ 2 + +
o 7.6000 + 3 + + 1 + 2 + +
L 7.8000 +3 : : : :4: : A A A L A R
» 8.0000  +3 + 1 + 2 + +
- 8.2000 +3 + +1 + 2 + +
<. 8.4000 +3 + + 1 + 2 + +
Y 8.6000 +3 + + 1+2 + +
L 8.8000 +3 + + + 21 + +
- 9.0000 +3 + + + 2 1 +
L 9.2000 +3 + + + 2 + 1 +
) 9.4000 +3 + + +2 + 1 +
ot 9.6000 +3 + + +2 + 1 +
" 9.8000 +3 : : : :+4: St ot ororor 42 oz 14 o:oro:o s+
e . 10.0000 3 + + + 21 + +
NS A SCALE -.130 -.900E-01 =-,500E-0! -.100E-01 .300E-01 .70E-0Ol
::j
VO N
&:_' 127
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MORE OUTPUT PLOTS?

2 n

INPUT NAME FOR CALCOMP PLOT OF OUTPUT
? out

INPUT NAME FOR CALCOMP PLOT OF CTRL. DEF.

? ctl

CHANGE MATRICES? Y/N:

?2n

MORE RUNS WITH NEW MODEL? Y/N:

?n

133.955 CP SECONDS EXECUTION TINME.
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APPENDIX B. STOLCAT

B-1 lptroductlon

STOLCAT is a modification of the Conversion And
Transformation (CAT) program originally written by Mr. A.
Finley Barfield {31. It is an interactive program that has
been modified to allow for the increased dimensionality
assoclated with the additional control surfaces of the STOL
F-15. The program converts the raw aerodynamic data, i.e.
the nondimensional coefficients, welght and sizing
parameters, into a state-space model representation for the
aircraft. STOLCAT can be used for longitudinal axis data,
lateral directional data separately, or both sets of data
simultaneously.

STOLCAT is written in ANSI FORTRAN 5 and is completely
self-contained. The user is prompted for all data needed
to run the program, including the units and reference
frame of expected inputs. The software code listing and a

sample program execution follow.
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- B-2 STOLCAT Source Listing

130

. ~"
-_{'u. mi\k‘r{ rixi..n'i .i;ij ¥



*

Tri el

.. i’
R Bt I I Y

ol
R PROGRAM STOLCAT
REAL ALPHA,Q,S,C,B,U,DTHETA, W, BIXX, BIYY, BIZZ,
1BIXZ, DALPHA, DPR, VT,
2CZA, €20, C2U, CZD1,CZD2,C2D3, C2ZD4, CZDS, CZD6, C2ZD7,C2D8,
3CXA,CXa,Cxu,Cxp1,CxD2,CXD3,CXD4,CXD5,CXD6,CXD7,CXD8,
4CHA, CMQ, CMU, CND1, CMD2, CMD3, CMD4, CMDS, CMD6, CMD7, CMDS,
s21,2A, ZH, 29, 2U, ZD1, ZD2, 203, ZD4, ZDS, ZD6, 2D7, 208,
6XA, XH, X, XU, XD1, XD2, XD3, XD4, XDS, XD6, XD7, XD8,
7M1, MA, MH, M, MU, ND1 , MD2, MD3, MD4, NDS,, DG , MD7, MDE
REAL CNB,CYB,CLB,L,N
DIMENSION AMAT(4,4),BMAT(4,8)
¢ DIMENSION DIRMAT(S,5),DIRBMAT(S,9)
[\ CHARACTERX3 KEY, KEY1, DATA1, DATA2, DATA3, RUN
) CHARACTERX1 STAB1,STAB2
i DATA Q /48.1/,S /608./, C /15.94/, B /42.7/, U /201./
"4 DATA DTHETA /11.8030/, DALPHA /11.8030/,W /33576.14/
2 DATA BIXX /23644./,B1YY /181847./,B1I1 /199674./,BIXZ /-3086./
" DATA CZA /-7.84976E-2/, CXA /1.35095276E-3/, CMA /9.3574118E-3/
K DATA C2@ /0./, CX@ /0./, CMQ /-.16951603/
DATA CZU /-1.065351397/, CXU /-6.1932E-3/, CMU /6.394289E-2/
< DATA CZIH /-1.676463E-4/, CXH /6.662777E-4/, CMH /1.76622E~4/
- DATA CZDi /-2.63634E-3/, CXD1 /-1.3532420E-3/, CMD1 /5.57696E-3/
£ DATA CZD2 /-8.31511E-3/, CXD2 /-2.749671E-4/, CMD2 /-1.02066E-2/
- DATA CZD3 /-5.59102€-3/, CXD3 /1.1357373%-3/, CMDI /8.52107E-4/
YRR DATA CZD4 /-4.50843E-3/, CXD4 /9.4211093E-4/, CMD4 /-2.11118€-3/
O DATA CIDS /1.896349E-3/, CXDS /-3.120989€-3/, CMDS /2.SS4S9E-3/
K DATA CZD6 /-7.4229354E-4/, CXDé /-3.593696E-3/, CMD6 /-1.30123E-3/
. DATA CZD7 /1.896349E-3/, CXD7 /-3.120989E-3/, CHD7 /2.35439%-3/
DATA CZD8 /-7.422954E-4/, CXD8 /-3.595658E-3/, CMD8 /-1.30123€E-3/
DATA CLB /-2,973933E-3/, CNB /-35.30635035E-4/, CYB /-1.637941E-2/
DATA CLP /-5.7403524E-3/, CNP /-2,3099719€-3/, CYP / 0.000000000/
A DATA CLR / 3.902348E-3/, CNR /-9.6998151E-3/, CYR / 0.000000000/
DATA CLD1/1.0017E-4/, CND1/-1.3236E-3/, CYD1/3.0606E-3/
DATA CLD2/-1.14999E-4/, CND2/3.1323%-4/, CYD2/1.313%-3/
DATA CLD3/8.5104E-4/, CND3/4.4837E-4/, CYDI/-1.0622E-3/
DATA CLD4/7.5284E-4/, CND4/7.6138E-3/, CYD4/-1,3233E-4/
DATA CLD3/6.9939E-4/, CND3/0.00/, CYD3/0.00/
DATA CLDE/9.6816E-5/, CND&/1.359%34E-4/, CYDE/0.0/
DATA CLD7/-3.7897€-3/, CND7/1.8357€-4/, CYD7/0.0/
DATA CLD8/-9.6816E-5/, CND8/-1.3934E-4/, CYD8B/0.0/
DATA CLD9/3.7897E-3/, CND9/-1.8357E-4/, CYD9/0.0/
DPR = 57.2937795
mxTE("S) FmT(ix" 00000000000 000000000000060000060000000600060060000000004lD]
WRITE (%, 10)
e 10 FORMAT(1X,’X%x STABILITY DERIVATIVE TRANSFORMATION PROGRAM XXXx')
- WRITE(%, 20)
‘ 20  FORMAT (1X, ! BRI LRI R R R R R AR LS KRR KRR )
WRITE (%, 100)
100 FORMAT(1X,’ENTER BODY AXIS (NON-DIMENSIONALIZED) COEFFICIENTS ')
) WRITE(%, 101)
g 101 FORMAT(1X,"FOR TRANSFORMATION TO DIMENSIONALIZED BODY AXIS')
s WRITE(%,102)
102 FORMAT(1X,’AND TO GENERATE STATE AND INPUT MATRICES.’)
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41
103

106
107
108
111
109

104

310

920

90

560

370

WRITE(X,41)
FORMAT(1X, '"NOTE: ALL COEFFICIENTS ARE REQUESTED WHEN COMPUTING')
CONTINUE

WRITE(%,30)

FORMAT (1X,, 7 S R R R Rk )
WRITE(X, 106)

FORMAT(1X,’TO TRANSFORM ONLY LONGITUDINAL DATA - TYPE LONG’)
WRITE(%, 107)

FORMAT(1X,’TO TRANSFORM ONLY LATERAL-DIRECTIONAL DATA - TYPE LAT?’)
WRITE(%, 108)

FORMAT(1X,’TO TRANSFORM BOTH LONG AND LAT-DIR DATA - TYPE BOTH?)
WRITE(%,111)

FORMAT (1X,’KEYWORD = 7)
READ(%,109) KEY
FORMAT (A3)
IF(KEY .EQ. 'LAT’) G0 TO 104
IFCKEY .EQ. "LON') GO TO 104
IF(KEY .EQ. 'BOT’) 60 TO 104

IF(KEY .EQ. "GAM’) 60 TO 596

60 TO 103

CONTINUE

WRITE (%, 500)

FORMAT (1X, ? ok R R R RS E R )
WRITE (%, 510)

FORMAT(1X,’Q (DYNAMIC PRESSURE - LBS/FT¥2) = ')

READ(%,%) @

WRITE (%,520)

FORMAT(1X,’S (WING REFERENCE AREA - FTX%2) = ')

READ(X,X) 8

WRITE(%,530)

FORMAT(1X,’C (WING MEAN AERODYNAMIC CORD - FT) = ')

READ(X,X) C

WRITE(%,540)

FORMAT(1X,’B (WING SPAN - FT) = 7)

READ(%,%) B

WRITE (%, 550)

FORMAT (1X, VT (TRIM VELOCITY - FT/SEC) = *)

READ (%,%) U

vT=U

WRITE (%, 560)

FORMAT (1X, " THETA (PITCH ANGLE - DEGS) = ')

READ(%,%) DTHETA

WRITE(%,570)

FORMAT(1X,'W (WEIGHT - LBS) = *)

READ(%,%) W

WRITE (%, 575)

FORMAT (1X, ? INERTIAS MUST BE INPUT IN BODY AXIS.')

WRITE (%, 580)

FORMAT(1X,’IXX (SLUG-FTE¥2) = ')

READ(%,%) BIXX

WRITE (%, 585)

FORMAT(1X,?IYY (SLUG-FT%$2) = ')

READ(%,%) BIYY
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ol PROGRAM STOLCAT

REAL ALPHA,Q,S,C,B,U, DTHETA, W, BIXX,BIYY,BI1ZZ,
1BIXZ,DALPHA, DPR, VT,

r 2€24,C2Q, C2U, C2D1,C2D2, CZD3, CZD4, CZDS, CZD6, CZD7,C2D8,

9 3CXA, CX@, CXU, CXD1,CXD2, CXD3, CXD4, CXDS, CXD6, CXD7,CXD8,

o 4CMA, CMQ, CMU, CMD1 , CMD2, CMD3, CMD4, CMDS, CMD&, CMD7, CMDS,
571,ZA, ZH, 20, 2U, 2D1, 2D2, 2D3, ZD4, ZDS, ZD6, 207, ZD8,

, 6XA, XH, X@, XU, XD1, XD2, XD3, XD4, XD5, XD6, XD7, XD8,

7M1, MA, MK, MQ, MU, ND1 , MD2, MD3, MD4, MDS, MD6 , MD7,, MDE

REAL CNB,CYB,CLB,L,N

DIMENSION AMAT(4,4),BMAT(4,8)

DIMENSION DIRMAT(S,S),DIRBMAT(S,9)

CHARACTERX3 KEY, KEY1, DATA1, DATA2, DATA3, RUN

CHARACTERS1 STAB1,STAB2

DATA Q /48.1/,S /608./, C /15.94/, B /42.7/, U /201./

DATA DTHETA /11.8030/, DALPHA /11.8030/,W /33576.14/

DATA BIXX /23644./,BIYY /181847./,B121 /199674./,BIXZ /-3086./

DATA CZA /-7.84976E-2/, CXA /1.5095276E-3/, CMA /9.574118E-3/

DATA CZQ@ /0./, CXQ /0./, CM /-.16951603/

DATA CZU /-1.06551397/, CXU /-6.1932€-3/, CMU /6.394289E-2/

DATA CZH /-1.676463E-4/, CXH /6.662777E-4/, CMH /1.76622E—4/

DATA CZDi /-2.63634E-3/, CXD1 /-1.552420E-3/, CMD1 /%.57696E-3/

' DATA CZD2 /-8.31S11E-3/, CXD2 /-2.749671E-4/, CMD2 /-1.02066E-2/

DATA CZD3 /-5.59102E-3/, CXD3 /1.157373E-3/, CHD3 /8.52107E-4/

DATA CZD4 /-4.50843E-3/, CXD4 /9.4211093E-4/, CMD4 /-2.11118€-3/

DATA CZDS /1.896349E-3/, CXDS /-3.1209689E-3/, CMDS /2.53459E-3/

. DATA CZD6 /-7.422954E-4/, CXD6 /-3.59%636E-3/, CMDE /-1.301236-3/

‘ DATA CZD7 /1.896349€-3/, CXD7 /-3.120989E-3/, CMD7 /2.S55459-3/

! DATA CZD@ /-7.422954E-4/, CXD8 /-3.59S658E-3/, CMDE /-1.30123€-3/
DATA CLB /-2,973933€E-3/, CNB /-5.506505SE-4/, CYB /-1.637941E-2/
DATA CLP /-5.740524E-3/, CNP /-2.3099719€-3/, CYP / 0.000000000/
DATA CLR / 3.902348E-3/, CNR /-9.6998151E-3/, CYR / 0.000000000/

: DATA CLD1/1.0017E-4/, CND1/-1.32S6E-3/, CYD1/3.0606E-3/

k DATA CLD2/-1.14999E-4/, CND2/S.1323E-4/, CYD2/1.3139%€-3/

[ DATA CLD3/8.5104E-4/, CND3/4.4837E-4/, CYD3/-1.0622E-3/

S up s > o

s N

: DATA CLD4/7.5284E-4/, CND4/7.6138E-5/, CYD4/-1.5235E-4/
d DATA CLDS/6.9959E-4/, CND3/0.00/, CYDS/0.00/
A DATA CLD6/9.6816E-5/, CNDE/1.5934E-4/, CYDE/0.0/
DATA CLD7/-3.7897€-5/, CND7/1.8357E-4/, CYD7/0.0/
: DATA CLD8/-9.6816E-5/, CNDB/-1.5934E-4/, CYD8/0.0/
DATA CLD9/3.7897E-5/, CND9/-1.8357E-4/, CYD9/0.0/
: DPR = 57.2957795
: WRITE(S,5) FORMAT (1X, ’ £t bR R R KRR R R R ) |
WRITE(X, 10) |
: 10 FORMAT(1X,?%%% STABILITY DERIVATIVE TRANSFORMATION PROGRAM XtX’)
; WRITE (X, 20)
20  FORMAT (1X, ? SEERE R R R )
WRITE (%, 100)
100 FORMAT(1X,’ENTER BODY AXIS (NON-DIMENSIONALIZED) COEFFICIENTS ')
q WRITE(%,101)
B 101 FORMAT(1X,’FOR TRANSFORMATION TO DIMENSIONALIZED BODY AXIS?)
’ WRITE(X, 102)
102 FORMAT(1X,’AND TO GENERATE STATE AND INPUT MATRICES.')
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590

397
610
613
620

58383 BEHEZZTR BB

105

WRITE(%,590)
FORMATC1X,"1ZZ (SLUG-FTX%2) = ')

READ(X,%) BIZZ

WRITE(%,595)

FORMAT(1X,?IXZ (SLUG~FTE%2) = *)

READ(X,%) BIXZ

CONTINUE

WRITE(X,597)

FORMAT ( 1X,, ? SRR R R KRR KRR AL )
WRITE(%,610)

FORMAT (16X, * AIRCRAFT PARAMETERS')

WRITE(%,615) @

FORMAT(1X,’Q (DYNAMIC PRESSURE - LBS/FT%x2) = ’,813.6)

WRITE(%,620) ©

FORMAT(1X,'S (WING REFERENCE AREA - FT%2) = ’,G13.6)
WRITE(%,625) C

FORMAT(1X,’C (WING MEAN AERODYNAMIC CORD - FT) = ’,6813.6)
WRITE(%,630) B

FORMATC1X,'B (WING SPAN - FT) = 7 ,613.6)
WRITE(%,635) U
FORMAT(1X,’VT (TRIM VELOCITY
WRITE(%,640) DTHETA
FORMAT(1X,? THETA = ' ,613.6)
WRITE(S,645) W

FT/SEC) = ’,613.6)

FORMAT(1X,’W (WEIGHT - LBS) = ',813.6)
WRITE(X,630) BIXX
FORMAT(1X,’IXX (SLUG-FTX%2) = ’,G613.6)
WRITE(%,639) BIlYY
FORMAT(1X,*IYY (SLUG-FTxx2) = ',G613.6)
WRITE(%,660) BlZ2
FORMAT(1X,?12Z (SLUG-FTxx2) = ',613.6)

WRITE(%,665) BIXZ
FORMATC(1X,’IXZ (SLUG-FTX$2) = *,G13.6)

WRITE(%,670)

FORMAT ( 1X, * SRR O oo )
CONTINUE

WRITE(%,675)

FORMAT(1X,* 18 THE ENTERED DATA CORRECT ? (YES/NO) *)

READ(%,680) DATA3

FORMAT (A3)

WRITE (%, 68%)

FORMAT (1X, * B R R KR KRR R XK R )
IF(DATA3 .EQ. 'NO *) GO TO 104

IF(DATA3 .EQ. 'YES’) G0 TO 686

60 TO 600

CONTINUE

WRITE(%, 105)

FORMAT (1X,’ALPHA (DEB) = ')

READ(X,%) DALPHA

THETA = DTHETA/DPR

ALPHA = DALPHA/DPR

IFC(KEY .ER. "LAT?)GD TO 446

IF(KEY .EQ. 'GAM’)GO TO 97
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AyG8 WRITE(X,110)
110 FORMAT (1X,’CIA = ')
- READ(X,%) CZA
44 WRITE (%, 120)
120 FORMAT(1X,'CXA = *)
I READ(%,%) CXA
é‘ WRITE (%, 130)
S 130 FORMAT(1X,’CMA = ?)
! READ(X, %) CMA
oy WRITE(%, 140)
S 140 FORMAT(1X,'C2Q = ')
41 READ(%,%) CZQ
SN WRITE(X, 150)
oAk 150 FORMAT(1X,’CXQ@ = ')
. READ(X, %) CX@
N WRITE (X, 160)
o 160 FORMAT(1X,’CMQ = ')
k-3 READCX, %) CMQ
o WRITE(X,170)
o 170 FORMAT(1X,’CZU = )
. READ(X,%) CIU
B WRITE (X, 180)
180 FORMAT(1X,’CXU = )
: READ(%,%) CXU
; . WRITE (%, 190)
‘ (3 190 FORMAT(1X,’CMU = ?)
e READ(X, %) CMU
Wy WRITE(%,191)
K 191 FORMAT(1X,’CZH = ')
ﬁq READ(%,%) CZH
A WRITE(%,192)
j‘ 192 FORMAT(1X,’CXH = )
3 READ(X, %) CXH
e WRITE(%, 193)
[ 193 FORMAT(1X,’CMH = ')
W READ(%,%) CMH
P WRITE (X, 200)
: 200 FORMAT(1X,°CZD1 = ')
P READ(%,%) CZD1
yo WRITE(%,202)
.'E' ' 202 FORMAT(1X,’CXD1 = ')
_,,j READ(%,%) CXD1
o WRITE (X, 204)
204 FORMAT(1X,°CMDL = ')
s READ(X,%) CMD1
e WRITE (%, 206)
o) 206 FORMAT(1X,’C2D2 = ')
e READ(%,%) CID2
o WRITE (X, 208)
ot 208 FORMAT(1X,’CXD2 = ')
N AT READ(X,%) CXD2
o WRITE(X,210)
o 210 FORMAT(1X,'CMD2 = ')
53
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READ(%,%) CMD2
WRITE(%,212)

FORMAT(1X,CZD3

READ(%,%) CzD3
WRITE(%,214)

FORMAT (1X, * CXD3

READCX, %) CXD3
WRITE(X,216)

FORMAT(1X, ? CMD3

READ(X,%) CMD3
WRITE(%,218)

FORMAT (1X, ? CZD4

READ(X, %) CZD4
WRITE (%, 45)

FORMAT (1X, ' CXD4

READ(X, %) CXD4
WRITE(%,50)

FORMAT (1X, ! CMD4

READ(X,%) CMD4
WRITE(%, 55)

FORMAT (1X, ' CZD3

READ(X,%) CIDS
WRITE(X,60)

FORMAT (1X, *CXDS

READ(X,%) CXDS
WRITE (%, 65)

FORMAT (1X, ' CMDS

READ(%,%) CMDS
WRITE (%,70)

FORMAT (1X, 'CZD6.

READ(X,%) CZD6
WRITE(X,75)

FORMAT (1X, 'CXDé

READ(%,%) CXD6
WRITE(%,80)

FORMAT (31X, 'CMDE =

READ(X,%) CMD6
WRITE($,85)

FORMAT (1X,'CZD7')

READ(%,%) CZD7
WRITE(%,88)

FORMAT (31X, *CXD7*)

READ(%,%) CXD7
WRITE(%, 90)

FORMAT(1X,'CMD7 =

READ(%,%) CMD7
WRITE (%, 92)

FORMAT (1X, 'CZD8 =

READ(%,%) €208
WRITE (%, 94)

FORMAT(1X,'CXDE =

READ(%,%) CXDE
WRITE(%, 96)
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RO 96 FORMAT(1X,'CMDE = ')
READ(%,%) CMD8
97 CONTINUE
T WRITE (X, 225)
- 225 FORMAT (1X, ! $EEEEEREEEE kKRR KRR KRR KRR R R R R LR KRR LR )
e WRITE(X,230) DALPHA
P 230 FORMAT(15X,’ALPHA =’,813.6)
) WRITE(X, 345)
" 345 FORMAT(6X,’LONSITUDINAL NON-DIM BODY AXIS COEFFICIENTS(1/DEG)’)
c
,,._ CAL = COSCALPHA)
B as SAL = SINCALPHA)
i = CAL$X2
* SINSQ = SALXS2
o COSSIN = CALXSAL
s CTH = COS(THETA)
o STH = SIN(THETA)
- c
N WRITE (%,360) CZA,CMA,CXA
' 360 FORMAT(3X,’CZA = ’,G13.6,8X,"CMA = ’ 613.6,5X,’CXA = ', .3.6.
et WRITE(%,390) CzQ,CMQ,CXa
1458 390 FORMAT(3X,’'CZQ = ’,613.6,8X,’CMQ = ’,613.6,5X,'CXQ = ?,61..6)
W WRITE(%,400) CZH,CMH,CXH
YOS 400 FORMAT(3X,’CZH = ',613.6,8X,"CMH = ’,613.6,5X,’CXH = ’,613.6)
. WRITE(X,410) CZU,CMU,CXU
Co 410 FORMAT(3X,’CIZU = ',613.6,8X,’CMU = ’,613.6,5X,'CXU = ’,G613.6)
\ WRITE(%,370) CZDi,CMD1,CXD1
370 FORMAT(2X,’CID1 = ’,G613.6,7X,'CMD1 = ',613.6,4X,’CXD1 = ’,613.6)
e WRITE(%,380) CZD2,CMD2,CXD2
L 380 FORMAT(2X,’C2D2 = ’,613.6,7X,’CMD2 = *,613.6,4X,'CXD2 = ’,613.6)
WRITE(%,381) CZD3,CMD3,CXD3
J 381 FORMAT(2X,’CZD3 = ’,613.6,7X,’CMD3 = ’,613.6,4X,’CXD3 = ',613.6)
- WRITE(%,382) CID4,CMD4,CXD4
nd 382 FORMAT(2X,’CZD4 = ’,613.6,7X,’CMD4 = ’,613.6,4X,’CXD4 = ’,613.6)
oy WRITE(%,383) CIDS,CMDS,CXDS
383 FORMAT(2X,’CZDS = ’,G13.6,7X,'CMDS = ?,613.6,4X,’CXDS = ’,613.6)
oo WRITE(X,384) CZD6,CMD6,CXD6
e 384 FORMAT(2X,’CID6 = ’,613.6,7X,'CMD6 = ’,613.6,4X,'CXD6 = ',613.6)
e WRITE(%,385) CZD7,CMD7,CXD7
g 385 FORMAT(2X,’C2D7 = ’,613.6,7X,'CMD7 = *,613.6,4X,°CXD7 = ’,613.6)
o WRITE(%,386) CZD8,CMDS,CXD8
w2 386 FORMAT(2X,'CID8 = *,613.6,7X,’CMD8 = ?,613.6,4X,’CXD8 = ?,G13.6)
3 WRITE(%,310)
.- 310 FORMAT (1X, * SEEREEEEEEEEERE R KRR KRR KRR KRR ERRRKRRX? )
v 315 CONTINUE
o2 WRITE(%,320)
o 320 FORMAT(1X,’IS THE ENTERED DATA CORRECT ?  (YES/NO)')
o READ(%X,330) DATAL
) 330 FORMAT(A3)
o IF(DATA1 .EQ. 'NO ’) G0 TO 686
e T IF(DATAL .EQ. 'YES’) 60 TO 340
N 80 TO 315
5 340 CONTINUE
oo
N
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WRITE(%, 420)

420 FORMAT(1X,'®
11 = (G£S%32.2) /W
A = C/(2.08)
THETA = DTHETA/DPR

9000000006000 000060090000000000b000e6000000680e ')

Z1%XCZAXDPR
IH = (Z1/UXCIH
1Q = Z1XAXCZIQXDPR
U = 2.x(Z1/U)%CIU
ZD1 = Z1xCZD1XDPR
D2 = Z1XCID2XDPR
ZD3 = Z1¥CZD3ADPR
ID4 = Z1XCZD4XDPR
205 = Z13xCZD3XDPR
D6 = Z1xCIDEXDPR
ZD7 = Z1XCZD7XDPR
D8 = Z13xCIDBXDPR

XA = Z1XCXAXDPR

XH = (Z1/U)ZCXH

XQ = Z1XAXCXQXDPR
XU = 2.%(Z1/U>3CXU
XD1 = Z1XCXD1XDPR
XD2 = Z1xCXD2XDPR
XD3 = Z1XCXD3XDPR
XD4 = Z1CXD4XDPR
XDS = Z1xCXD3XDPR
XD6 = Z1XCXDEXDPR
XD7 = Z1XCXD7XDPR
XD8 = Z1xCXDEXDPR

Ml = (Q%S%C)/BIYY

MA = MIZCMAXDPR
MH = (M1/U)XCMH
M0 = M1XAXCMGXDPR
MU = 2.%(M1/U)XCHU
MD1 = MisCHD1ZDPR
MD2 = M1XCMD2XDPR
MD3 = MIXCHDIXDPR
MD4 = M1XCMD4XDPR
MDS = MIXCMDSXDPR
MDEé = M13CHDEXDPR
MD7 = MIXCHMD7XDPR
MD8 = M1XCHDBXDPR

WRITE (%, 700)

700 FORMAT (SX,’LONGITUDINAL AXIS DIMENSIONAL DERIVATIVES')
WRITE(%,705)

705 FORMAT (15X,’BODY AXIS (1/RAD)’)
WRITE(%,710) ZA,MA, XA

710 FORMAT(4X,’ZA = ’,613.6,9X,"MA = *,613.6,6X,"XA = ' ,613.6)




720
o 730
.. 740
b
: 730
) 760
i
o 770
’ 780
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v, 800
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b 810
L4 830
) - c
s S, - c
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WRITE(%X,720) 2Q,MQ,XQ
FORMAT(4X,’2Q = ’,313.6,9X,"M2
WRITE(%,730) ZH,MH, XH
FORMAT(4X,’ZH = ',613.6,9X,"MH
WRITE(%,740) ZU,MU,XU

FORMAT (4X,*ZU = ',613.6,9X, "M
WRITE(X,750) ZD1i,MD1,XD1
FORMAT(3X,’2D1 = ’,G13.6,8X,"MD1 = ',613.6,5X,’XD1 = ’,G13.6)
WRITE(%X,760) ZD2,MD2,XD2

= ",613.6,6X,"XQ = ’,613.6)

',613.6,6X,'XH = ,613.6)

= 1,613.6,6X,’XU = *,613.6)

FORMAT(3X,?2D2 = ’,613.6,8X,’MD2 = ’,613.6,5X,’XD2 = ’,613.6)
FORNAT (31,1200 '+ 1013, 68X, 'MD3 = *,613.6,5K, "XD3 = *,613.6)
rw;g;??;n?:'mi;?z.ax.'m = ,613.6,5X,XD4 = ',G13.6)
FORMAT (3,205 = " 613, £y X, "HDS = *,G13.6,5%,XDS = *,613.6)
FORMAT CAX, 206 ="+ 18136, 8K, "HD6 = *,613.6,5%, X6 = *,G13.6)
FORNAT (3, 1207 =" 7613, 6, 8%, THD7 = *,613.6,5%, 1XD7 = *,613.6)
mggég,z?;ogng'??gig?g,ax.'m = 1,613.6,5X,’XD8 = ’,613.6)

WRITE (%,830)
FORMAT (1X, ? SRR R R R AR R )

DEVELOPMENT OF STATE MATRICES

DEVELOPMENT OF THE PLANT MATRIX - A

vT=U

AMAT(1,1) = XU
AMAT(1,2) = -VT$SAL
AMAT(1,3) = XA
AMAT(1,4) = -32.2%CTH
AMAT(2,1) = MU
AMAT(2,2) = M@
AMAT(2,3) = MA
AMAT(2,4) = 0.0
AMAT(3,1) = ZU/VT
AMAT(3,2) = CAL
AMAT(3,3) = ZA/VT
AMAT(3,4) = -32.28STH/VT
AMAT(4,1) = 0.0
AMAT(4,2) = 1.0
AMAT(4,3) = 0.0
AMAT(4,4) = 0.0
WRITE(%, %)
WRITE (%, 850)

FORMAT (" 1°,SX, ? LONGITUDNAL STATE MATRIX(BODY AXIS)’)
WRITE(%, %)
WRITE (%, 842)
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FORMAT(?0", 2X,’FOR STATE1=U,STATE2=Q, STATEI=ALPHA, STATE4=THETA’ )
WRITE(X,%)

DO I1=1,4

WRITE(%,860) (AMAT(I,J),J=1,4)

CONTINUE

FORMAT (*0? ,2X, 4(613. 6, 4X))

WRITE(X, %)

NOW WE’LL BET THE INPUT MATRIX - B
BMAT(1,1) = XD1

BMAT(1,2) = XD2
BMAT(1,3) = XD3
BMAT(1,4) = XD4
BMAT(1,5) = XDS
BMAT(1,6) = XD6
BMAT(1,7) = XD7
BMAT(1,8) = XD@
BMAT(2,1) = MD1
BMAT(2,2) = MD2
BMAT(2,3) = MD3
BMAT(2,4) = MD4
BMAT(2,5) = MDS
BMAT(2,6) = MDE
BMAT(2,7) = MD7
BMAT(2,8) = MD@
BMAT(3,1) = ZDI/VT
BMAT(3,2) = ZD2/VT
BMAT(3,3) = ZD3/VT
BMAT(3,4) = ZD4/VT
BMAT(3,5) = ZDS/VT
BMAT(3,6) = ZD6/VT
BMAT(3,7) = ID7/VT
BMAT(3,8) = ZD8/VT
DO B6S I=1,8
BMAT(4,1) = 0.0
CONTINUE

PRINT OUT THE LONGE INPUT MATRIX

WRITE(X, %)
WRITE(%,870)

FORMAT( *0’,5X, LONGITUDNAL INPUT MATRIX')

WRITE(%,%)

WRITE(X, 868)

FORMAT (2X, 'FOR DEL 1=CANARD, DEL2=STAB, DEL 3=TEF , DEL4=DR AILERON’)
WRITE(X, 869)

FORMAT(2X,’  DELS=RT RV, DELG6=RB RV, DEL7=LT RV, DELE=LB RV')
WRITE(X,%)

WRITE(X,3)

WRITE(%,871)

FORMAT (*0? ,5X, "RON1’ , 11X, *RON2’ , 11X, "RONG? , 11X, ? ROW4?)
WRITE(X,%)
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DO 872 I=1,8
: WRITE(%,880) (BMAT(J,1),J=1,4)
e 872 CONTINUE
WRITE(X, %)
gy 875 CONTINUE
WRITE(%,873)

873 FORMAT(1X,’ DO YOU WANT STAB AXIS DATA FOR LONG?(Y/N)')
3 READ(%,874) STAB1
" 874 FORMAT (A1)

: IF ¢ STAB1 .EQ. 'Y’ ) GO TO 877
e IF ( STAB1 .EQ. 'N’ ) 60 TO 857
60 TO 875
877 CONTINUE
o c
R R KRR R R R R XX
CRCCCCCCC %
cx( CONVERT BODY AXIS DATA TO STABILITY AXISC( %
cx(¢ (FOR CHECK WITH MCAIR DATAX(C( X
CRCCCCCCC %
CXCCCCCCC %
c

S A
2o A A LA

+
r
LRI 4 4

SMU =( MUSCAL + (MA/U)XSALXCAL)
SMH =( ( SMU / MU ) X MH )

. SHMA =( MA X COSSQ - MU x U X SAL )

3 0 - o

’ SMD1 = MD1
SMD2
SMD3
SHMD4
SHDS
SMD6
SMD7 =
SMDE8 = MDB

LEPA
P
V)

"‘/A a

P T S

]
R
R

. - A
o [

X A .
e

3333832

SN

SXU=XUXCOSSa+ (ZA/U) XSINSGRCAL + ( (XA/U) XCAL +ZU) XSALXCAL
SXH = (SXU/XU)XXH

SXA = XAXCALXE3 -USZUSSINSQ - (UXXU - ZAXCAL)XCALXSAL
SXQ =( XQ¥CAL + ZOXSAL )

SXD1 = (XD1XCAL + ZDiXxSAL)

8XD2 =( XD2xCAL + ZD2%SAL)

SXD3 = (XD3kCAL + ZD3%SAL)

SXD4 = (XD4XCAL + ZD4%SAL)

SXDS = (XD3%CAL + ZDSXSAL)

SXDé = (XDEXCAL + ZD6XSAL)

SXD7 = (XD7%CAL + ID7%SAL)

SXD8 = (XD8%CAL + ZDB%XSAL)

)

:‘x:'

g0

£y
13

e

F

. .
A

A
Mt

e s

.«
1

:
PN B I )
nHaH

Oy

.

SZU=ZUxCOS8A- (XA/U) XSINSGXCAL - (XU-(ZA/U) XCAL ) XSALXCAL
8IH = (SIUW/IW) % IH

SIA=ZAXCALXEX3 + UXXUXSINSG - (UXZU + XASCAL)XCALXSAL
-l SIQ = (2QxCAL - XQ%SAL)

SID1 = (ZID1%XCAL -~ XD1XSAL)

A A
b
1

‘s "ﬂ "‘.")‘ ‘). ,‘.‘ "‘.
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= (2D2%CAL - XD2%SAL)
8ID3 = (ZDIXCAL - XD3%SAL)

(ZD4XCAL - XD4%SAL)
(ZDSXCAL - XDS%SAL)
SID6 = (IDGXCAL - XD6XSAL)
SID7 = (ZD7XCAL - XD7¥SAL)
SIZD8 = (ZDSXCAL - XDE$SAL)
WRITE(X,701)
701 FORMAT (’0?,5X,’LONGITUDINAL AXIS DIMENSIONAL DERIVATIVES')
WRITE(%,702)
702 FORMAT (13X,’ STABILITY AXIS (1/RAD) ')
WRITE(%,711) SZA,SMA,SXA
711 FORMAT(4X,’ZA = ',613.6,9%,"MA = *,613.6,6X,’XA = ' ,613.6)
WRITE(%,721) S2Q,5MQ,SX@

721 FORMAT(4X,’2Q = 7,613.6,9X,'M2 = ?,613.6,6X,7XQ = *,613.6)
WRITE(%,731) SZH,SMH,SXH

731 FORMAT(4X,'ZH = ',613.6,9X,"MH = ',613.6,6X,"XH = ' ,613.6)
WRITE(%X,741) SZU,SMU,SXU

741 FORMAT(4X,’ZU = ’,613.6,9X,"M) = ?,613.6,6X,"XU = ’,613.6)

WRITE(%,751) SID1,SMD1,SXD1

751 FORMAT(3X,’ZD1 = ',G13.6,8X,"MD1
WRITE(%,761) SID2,SMD2,SXD2

761 FORMAT(3X,?ZD2 = ',G13.6,8X, MD2
WRITE(%,771) SID3,SMD3,SXD3

771 FORMAT(3X,’ZD3 = ’,G13.6,6X,’MD3
WRITE(%,781) SID4,SMD4,SXD4

781 FORMAT(3X,’ZD4 = ’,613.6,8X,’MD4
WRITE(%,791) SIDS,SMDS,SXDS

791 FORMAT(3X,'ZDS = ',813.6,8X,'MDS
WRITE(%,800) SID6,SMD6,SXD6

801 FORMAT(3X,'ZD6 = ',G13.6,8X,’MD6
WRITE(%,811) SZD7,SMD?,SXD7

811 FORMAT(3X,’ZD7 = ',G13.6,8X,'MD7
WRITE(%,820) SZD8,SMD8,SXD8

821 FORMAT(3X,’ZD8 = ’,613.6,8X,"MDE
WRITE (%, 830)

880 FORMAT(2X,4(613.6,2X))

’,613.6,5X,’XD1 = ’,613.6)

’,613.6,5X,’XD2 = ?,613.6)

’,613.6,3X,°XD3 = *,613.6)

',613.6,5X,”XD4 = ’,613.6)

',813.6,3X,"XDS = ’,G613.6)

' ,613.6,5X,’XD6 = !,G13.6)

’,613.6,5/,"XD7 = ’,613.6)

',613.6,5%,°XD8 = ',613.6)

AMAT(1,1) = SXU
AMAT(1,2) = 0.0
AMAT(1,3) = SXA
AMAT(1,4) = ~32.28CTH
AMAT(2,1) = SMU

AMAT(2,2) = S |
AMAT(2,3) = SMA |
AMAT(2,4) = 0.0 |
AMAT(3,1) = SZU/U
AMAT(3,2) = 1,0
AMAT(3,3) = SZA/U
AMAT(3,4) = ~32.23STH/U

. AMAT(4,1) = 0.0

" AMAT(4,2) = 1,0

o AMAT(4,3) = 0.0

2
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AMAT (4,4) = 0.0
WRITE (%, 851)

FORMAT (*0? ,5X, ' LONGITUDNAL STATE MATRIX (STAB AXIS)?)
WRITE(%,%)

WRITE (%, 842)

WRITE(%, %)

DO 856 I=1,4

WRITE(%,860) (AMAT(I,J),J=1,4)

CONTINUE

CONTINUE

IF (KEY .EQ. 'BOT’ ) 60 TO 446

IF (KEY .EQ. '6AM’ ) 80 TO 1465

CONTINUE

WRITE (%, 430)

FORMAT(1X,? IS ANOTHER PROGRAM RUN DESIRED ? (YES/NO)®)
READ(X,440) RUN
FORMAT (A3)
WRITE (%, 445)
mT(lx'l IR
IF(RUN .EQ. 'NO *) 80 TO 430
IFCRUN .EQ. 'YES') 60

60 TO 421

CONTINUE

THIS IS WHERE THE LATERAL DIRECTIONAL STARTS

WRITE(X,1110)
FORMAT(1X,’CLB (1/DEG)
READ(X,%) CLB
WRITE (X, 1120)
FORMAT(1X,’CNB (1/DEB) = ')
READ(%,%X) CNB

WRITE(X, 1130)
FORMAT(1X,’CYB (1/DEG) = ')
READ(%,%) CYB

WRITE(X, 1140)
FORMAT(1X,'CLP (1/DEB) = )
READ(X,%) CLP

WRITE(%, 1150)
FORMAT(1X,"CNP (1/DEB) = ')
READ(%,%) CNP

WRITE(%, 1160)
FORMAT(1X,"CYP (1/DEB) = *)
READ(%,%) CYP

WRITE(X, 1170)
FORMAT(1X,’CLR (1/DEG) = ')
READ(X,%) CLR

WRITE(%, 1180)

FORMAT (1X,"CNR (1/DEB) = ')
READ(%,%) CNR

WRITE(%, 1190)

"
-
~

1190 FORMAT(1X,’CYR (1/DEG) = ')

N
WS

l.‘ -q .

RN

READ(%,%) CYR
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WRITE(X, 1200)

1200 FORMAT(C1X,’CLD1 (1/DEB) = ?)
READ(%,3) CLDi
WRITE(X, 1210)

1210 FORMAT(1X,"CND1 (1/DEG) = ')
READC%,%) CND1
WRITE (X, 1220)

1220 FORMAT(1X,’CYDL (1/DEB) = )
READ(X, %) CYD1
WRITE (%, 1230)

1230 FORMAT(1X,’CLD2 (1/DEG) = ')
READ(X,%) CLD2
WRITE(X, 1240)

1240 FORMAT(1X,’CND2 (1/DEG) = ?)
READ(X,X) CND2
WRITE (X, 1250)

1250 FORMAT(1X,*'CYD2 (1/DEG) = )
READ(X, %) CYD2
WRITE(X, 1260)

1260 FORMAT(1X,’CLD3 (1/DEB) = 7)
READ(X,%) CLD3
WRITE(X, 1270)

1270 FORMAT(1X,’CND3 (1/DEB) = ')
READ(%,%) CND3
WRITE(X, 1280)

1280 FORMAT(1X,’CYD3 (1/DE6) = ?)
READ(X,%) CYD3
WRITE (X, 1290)

1290 FORMAT(1X,’CLD4 (1/DEG) = ')
READC%,%) CLD4
WRITE (X, 1300)

1300 FORMAT(1X,’CND4 (1/DEB) = ')
READ(X, %) CND4
WRITE(X, 1310)

1310 FORMAT(1X,’CYD4 C(1/DEG) = 1)
READ(X,%) CYD4
WRITE (X, 1320)

1320 FORMAT(1X,’CLDS (1/DEG) = *)
READ(X,%) CLDS
WRITE (X, 1330)

1330 FORMAT(1X,’CNDS C1/DEB) = ')
READ(X,%) CNDS
NRITE(X, 1340)

1340 FORMAT(1X,’CYDS (1/DEB) = 7)
READ(X,%) CYDS
WRITE (%, 1350)

1350 FORMAT(1X,’CLD6 (1/DES) = ')

b READ(%,%) CLDé6

e WRITE (X, 1360)

P 1360 FORMAT(1X,’CND6 (1/DEB) = ’)
- READ(X, %) CND6

WRITE(X, 1370)

1370 FORMAT(1X,’CYD6 (1/DEB) = ')
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1380

1390

1400

1410

1420

1430

1440

1430

1460
1463

1470

1490

1300 FORMAT(3X,’CLB = ’,613.6,8X,"CNB
1510 FORMAT(3X,'CLP = ',613.6,8X,’CNP
1520 FORMAT(3X,'CLR = ',813.6,8X,*CNR

1330 FORMAT(2X,'CLD1 = ',613.6,7X, 'CND1

'''''''''

READ(%,%) CYD6
WRITE(%, 1380)
FORMAT (1X, *CLD7
READ(%,%) CLD7
WRITE (%, 1390)
FORMAT (1X, ? CND7
READ(X,%) CND7
WRITE (%, 1400)
FORMAT (1X, ' CYD7
READ(%,%) CYD7
WRITE(X, 1410)
FORMAT (1X, ’ CLD8
READ(X,%x) CLD@
WRITE (%, 1420)
FORMAT (1X, ' CNDE
READ(%,%) CNDE
WRITE (%, 1430)
FORMAT C1X, ' CYDB
READ(X,%X) CYDE
WRITE (%, 1440)
FORMAT(1X, ’CLD9
READ(X,%) CLD9
WRITE (%, 1450)
FORMAT (1X, ? CND9
READ(X,%) CND9
WRITE (%, 1450)
FORMAT (1X, 'CYD9
READ(%,%) CYD9
CONTINUE
WRITE (%, 1470)

FORMAT(’1’,8X,'LAT-DIR BODY AXIS
'LON’) G0 TO 1490
'BOT’) 60 TO 1490

IF(KEY .EQ.
IF(KEY .EQ.

(1/DEG)

(1/DEB)

(1/D€E8)

(1/DEG)

(1/DER)

(1/DEB)

(1/DEB)

(1/DEB)

(1/D€EB)

WRITE(X, 1480) DALPHA
1480 FORMAT(13X,’ALPHA = ’,813.6)

CONTINUE

WRITE(X,1300) CLB,CNB,CYB

WRITE(%,1510) CLP,CNP,CYP

WRITE(X, 1320) CLR,CNR,CYR

"

"

")

")

"

"

P

")

"

WRITE(%,1530) CLD1,CND1,CYD1

WRITE(%,1540) CLD2,CND2,CYD2

1540 FORMAT (2X,'CLD2 = ’,613.6,7X,'CND2

WRITE (X%, 1550) CLD3,CND3,CYD3

1330 FORMAT(2X,’'CLD3 = ’,6813.6,7X,'CND3

WRITE(X,1360) CLD4,CND4,CYD4

13560 FORMAT(2X,’CLD4 = ',813.6,7X, "CND4

WRITE(X,1570) CLDS,CNDS,CYDS

1570 FORMAT(2X,’CLDS = ’,613.6,7X,'CNDS

WRITE(%,1580) CLD&,CND6,CYD6

144

COEFFICIENTS!)

= 1,813.6,5X,’CYB = ’,613.6)
= 7,613.6,5X,'CYP = ?,613.6)

= ?,813.6,3X,’CYR = 7,G13.6)

r,613.6,4X, 'CYD1

',613.6)

’,613.6,4X,'CYD2 = ’,613.6)

’',613.6,4X,'CYD3 = ',613.6)

’y813.6,4X,’CYD4 = 1,813.6)

!,613.6,4X,'CYDS

v,613.6)
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1380 FORMAT(2X,'CLDE = ',813.6,7X,"CND6
1590 FORMAT(2X,’CLD7 = ’,G13.6,7X,"CND7
1600 FORMAT(2X,’CLD8 = ',G13.6,7X,"CNDE
1610 FORMAT(2X,'CLD9 = ',613.6,7X,"CND9

’,813.6,4X, 'CYD6

’,813.6)
WRITE(X, 1390) CLD7,CND7,CYD?

',613.6,4X,'CYD7 = ',613.6)

WRITE(X, 1600) CLDE,CND8,CYD8

’,613.6,4X,’CYD8 = !,613.6)
WRITE(%, 1610) CLD9,CND9,CYD9

' ,613.6,4X,CYD9

’,613.6)
WRITE(X, %)
WRITE (X, 1620)

1620 FORMAT (1X, ! KRR R R AR )
1625 CONTINUE

WRITE (X, 1630)

1630 FORMAT(1X,’IS THE ENTERED DATA CORRECT ? (YES/NO)?)

READ(X, 1640) DATA2

1640 FORMAT (A3)

IF ( DATA2 .EQ. "NO’) 60 TO 446
IF ¢ DATA2 .EQ. 'YES' ) 60 TO 1645
60 TO 1623

16435 CONTINUE

WRITE(X, 1646)

1646 FORMAT(1X,’DO YOU WANT STAB AXIS DATA FOR LAT-DIR? (Y/N)')

READ(%, 1647) STAB2

1647 FORMAT (A1)

IF ( STAB2 .EQ. ’'N’) 60 TO 1801
IF ( STAB2 .EQ. 'Y") TO 1648
60 TO 1645

1648 CONTINUE

(i R D A IR
3. ".r.:‘r .-j""""};m. MM%M'ML\

BSALPH=-ALPHA
C8A=COS (BSALPH)
SSA=SIN(BSALPH)
CS=CSAXCSA
§5=85A%55A

SCLP=CLPXCS + CNR%SS5 - (CLR + CNP)XCSAXSGSA
SCLR=CLRXCS - CNPESS + (CLP - CNR)XCSAXSSA
SCLB=CLBXCSA - CNBXSSA
SCLD1=CLDixCSA - CND1%SSA

SCNP=CNPECS - CLRESS + (CLP ~ CNR)ICSAXSSA
SCNR=CNRACS + CLPXSS + (CLR + CNP)ICSASSSA
SCNB=CNBXCSA + CLBXSSA
SCND1=CND13CSA + CLD1XSSA
SCND2=CND2XCSA + CLD2%XSSA
SCND3=CND3%*CSA + CLD3%SSA
SCND4=CND4XCSA + CLD4%SSA
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1471
1301
1511
1321
13531
1541
1351
1361
1571
1561
1591
1601

1611

WRITE(%, 1471)

FORMAT (BX, 'LAT-DIR STAB AXIS COEFFICIENTS')
WRITE(%,1501) SCLB,SCNB,SCYB
FORMAT(3X,'CLB = * 813.6,8X,’CNB
WRITE(%, 1511) SCLP,SCNP, SCYP
FORMAT(3X,’CLP = ’,613.6,8X,’CNP
WRITE(%,1521) SCLR,SCNR, 5CYR
FORMAT (3X, 'CLR = ’,G13.5,8X,"CNR
WRITE(%, 1531) SCLD1,SCND1,CYD1
FORMAT(2X,'CLD1 = *,613.6,7X,’CNDL = *,613.6,4X,’CYD] =
WRITE(%,1541) SCLD2, SCND2,CYD2

FORMAT (2X,’CLD2 = ’,6813.6,7X,’CND2 = ’,613.6,4X,"CYD2 =
WRITE(%, 1551) SCLD3, SCND3,CYD3
FORMAT (2X, ’CLD3 = ?,813.6,7X,CND3
WRITE(%,1561) SCLD4, SCND4,CYD4
FORMAT(2X,'CLD4 = ',813.6,7X,’CND4 = ?,613.6,4X,CYD4 =
WRITE(X, 1571) SCLDS, SCNDS,CYDS
FORMAT(2X, *CLDS = *,613.6,7X, *CNDS
WRITE(%,1581) SCLDG, SCND6,CYD6
FORMAT(2X,’CLD6 = ?,613.6,7X,’CND6 = ’,G13.6,4X,’CYD6 =
WRITE(%, 1591) SCLD7,SCND7,CYD7
FORMAT (2X, 'CLD7 = ’,613.6,7X,’CND7
WRITE(%, 1601) SCLD8, SCNDE,CYDE
FORMAT (2X,’CLD8 = ’,813.6,7X,"CNDB = ',613.6,4X,'CYDE =
WRITE(%, 1611) SCLD9,SCND9,CYDI
FORMAT (2X,’CLD9 = ’,813.6,7X,’CND9
WRITE(X, %)

',613.6,4X,’CYD3 =

',613.6,4X,'CYDS

!,613.6,4X,'CYD?7

',613.6,4X,°CYD9 =

SIXX=BIXX#COS8Q + BIZZX¥SINSQ - BIXZXSIN(2XALPHA)
S1YY=BIYY

SI1ZI=BI72%C08SQ + BIXXX¥SINS@ + BIXZXSIN(2%XALPHA)
SIXZ=BIXZXCOS(2XALPHA) + .SX(BIXX - BIZZ)XSIN(2XALPHA)

SN = DPRX(Q¥5%B)/S5122
SL = DPRX(G%SXB)/SIXX
= B/(2.0%U)

SY = DPRX¥(Q%58%32.2) /W
SNB = SNXSCNB

SNP = SNEXSBXSCNP

SNR = SNESBEXSCNR

SND1 = SNXSCND1

SND2 = SNXSCND2

SND3 = SNXSCND3

END4 = SNXSCND4

»,813.6,5X,'CYB = ,813.6)
»,613.6,5X,'CYP = !,613.6)

’,613.6,3X,’CYR = ?,6813.6)

’,613.6)
’,613.6)
',613.6)
»,613.6)
’,613.6)
’,613.6)
',613.6)
’,613.6)

’,613.6)

,,,,,,
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1691 FORMAT(4X,’'NR = *,613.6,9X,’LR = ’,613.6,5X,’YR = ' ,G13.6)
WRITE(%,1701) SND1,SLD1,SYD1

“»
o
?..
| g
N foma
woRie SNDS = SNESCNDS
‘ SNDE = SNXSCND6
g SND7 = SNESCND7
o SNDO = SNESCNDE
P SND9 = SNXSCND9
" c
SLB = SLXSCLB
v SLP = SLESBXSCLP
. SLR = SLE¥SBISCLR
" SLD1 = SL¥SCLD1
o SLD2 = SL¥SCLD2
T SLD3 = SL¥SCLD3
L~ SiD4 = SLEXSCLD4
8LDS = SLYSCLDS
e SLDE = SL¥SCLD6
.2 SLD7 = SL¥SCLD?7
o SLD8 = SL¥SCLD8
oY SLD9 = SL¥SCLD9
t_) (o
r SYB = SYLSCYB
-, SYR = SYXSBXSCYR
o~ SYP = SYXSBYSCYP
i SYD1 = SYx CYD1
. SYD2 = SYx CYD2
O SYD3 = SYx CYD3
rY SYD4 = SYx CYD4
. SYDS = SYx CYDS
= SYD6 = SY%x CYD6
& 8YD7 = SYx CYD7
o SYD8 = SYx CYD8
SYD9 = SY%x CYD9
c
- WRITE (%, 1661)
1661 FORMAT(SX,’LAT-DIR STAB AXIS DIMENSIONAL DERIVATIVES(1/RAD)')
- WRITE(X,1671) SNB,SLB,SYB
1671 FORMAT(4X,’NB = *,613.6,9X,’LB = ',613.6,5X,’YB = ’,613.6)
o WRITE(%, 1681) SNP,SLP,SYP
® 1681 FORMAT(4X,’NP = ’,613.6,9%X,'LP = ’,613.6,5X,’YP = " ,G13.6)
- WRITE(X, 1691) SNR,SLR, SYR

1701 FORMAT(3X,’ND1 = ’ ,G13.6,8X,’LD1 = ’,G13.6,4X,’YDL = ’,G13.6)
WRITE(%,1711) SND2,SL.D2,SYD2
1711 FORMAT(3X,’ND2 = ’,613.6,8X,’LD2 = ?,G13.6,4X,’YD2 = ’,G13.6)
T WRITE(X,1721) SND3,SLD3,SYD3
" 1721 FORMAT(3X,’ND3 = ’,613.6,8X,’LD3 = ’,613.6,4X,°’YD3 = ’,613.6)
o WRITE(X,1731) SND4,SLD4,SYD4
i 1731 FORMAT(3X,’ND4 = ',G13.6,8X,’LD4 = ' ,G13.6,4X,’YD4 = ! ,613.6) !
s WRITE(%,1741) SNDS,SLDS,SYDS |
¢ - 1741 FORMAT(3X,’ND3 = *,613.6,8X,’LD3 = *,613.6,4X,'YDS = ’,G13.6)
S ECE WRITE(X, 1751) SND6,SLD6,SYD6
: 1751 FORMAT(3X,’ND6 = ’,613.6,8X,’LDE = ’,613.6,4X,’YD6é = ’,613.6)

WRITE(%,1761) SND7,SLD7,SYD7
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c

1761 FORMAT(3X,’ND7 = ',613.6,8X,’LD7 = ?,613.6,4X,'YD7 = !,613.6)
WRITE(%,1771) SND8,SLD8,SYD8

1771 FORMAT(3X,’ND8 = ',613.6,8X,°LD8 = ’,613.6,4X,'YD8 = ',613.6)
WRITE(%,1781) SND9,SLD9,SYD9

1781 FORMAT(3X,'ND9 = ’,613.6,8X,’LD9 = !,6813.6,4X,'YD9 = ',813.6)

WRITE(%, 1650)
1650 FORMAT (1X, ! SEEEEEE bR R LR R KT EORE AR RE R L )
1801 CONTINUE

N = DPR$(QXS%B)/BIZZ

L = DPRX(Q$SB) /BIXX

BB = B/(2.0%l)

Y = DPRE(Q¥S%32.2) /W

BNB = NSCNB

BNP = NEBBICNP

BNR = NXBBICNR

BND1 = NACND1

BND2 = NACND2

BND3

4
:

BLB = L3CLB
BLP = LXBBXCLP
BLR = LXBBXCLR

BLD1 = LXCLD1
BLD2 = LXCLD2
BLD3 = LxCLD3
BLD4 = L3CLD4
BLDS = LXCLDS
BLDEé = LICLD6
BLD7 = LxCLD?
BLD8 = LxCLD@
BLD9 = LxCLD9
BYB = YICYB

BYR = YXBBICYR
BYP = YXBBXCYP

BYD! = Y4CYD1
BYD2 = YXCYD2
BYD3 = Y3CYD3
BYD4 = YXCYD4
BYDS = YACYDS
BYD6 = YXCYD6
BYD7 = Y$CYD?7
BYD8 = YXCYDE
BYD9 = YXCYD9
WRITE (X, 1660)

B i e b i A

e e
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SO 1660 FORMAT(SX,’LAT-DIR BODY AXIS DIMENSIONAL DERIVATIVES(1/RAD)')

WRITE(%,1670) BNB,BLB,BYB

1670 FORMAT(4X,’NB = ’,G613.6,9X,’LB = ’,613.6,5X,’YB = ',613.6)
WRITE(%, 1680) BNP,BLP,BYP

1680 FORMAT(4X,'NP = ?,813.6,9X,'LP = *,613.6,5X,'YP = ’,613.6)
WRITE(%,1690) BNR,BLR,BYR

1690 FORMAT(4X,’NR = ’,613.6,9X,'LR = ,613.6,5X,"’YR = ?,613.6)
WRITE(%,1700) BND1,BLD1,BYD1

1700 FORMAT(3X,’ND1 = ’,613.6,8X,'LD1 = ’,G613.6,4X,’YD1l = ’,613.6)
WRITE(X,1710) BND2,BLD2,BYD2
1710 FORMAT(3X,’ND2 = ’,613.6,8X,’LD2 = ’,613.6,4X,'YD2 = ’,613.6)

WRITE(X,1720) BND3,BLD3, BYD3
1720 FORMAT(3X,’ND3 = ’,613.6,08X,'LD3
WRITE(X%, 1730) BND4,BLD4, BYD4

’,613,6,4X,'YD3 = !,613.6)

1730 FORMAT(3X,'ND4 = *,613.6,8X,’LD4 = *,613.6,4X,’YD4 = ’,613.6)
WRITE(%,1740) BNDS,BLDS,BYDS
1740 FORMAT(3X, 'NDS = ',G613.6,8X,'LDS = *,G13.6,4X,’YDS = ’,613.6)
WRITE(%,1750) BND6,BLD6, BYD6
1750 FORMAT(3X,'ND6 = ’,613.6,8X,'LD6 = *,613.6,4X,'YD6 = ?,613.6)
WRITE(%,1760) BND7,BLD7,BYD7
1760 FORMAT(3X,'ND7 = ',613.6,8X,°LD7 = *,G13.6,4X,'YD7 = ',613.6)
WRITE(%,1770) BND8,BLD8,BYDS
1770 FORMAT(3X, 'ND8 = ’,613.6,6X,’LD8 = ’,613.6,4X,’VD8 = ',613.6)
WRITE(%,1780> BND9,BLDI, BYD9
, 1780 FORMAT(3X,'ND9 = ',613.6,8X,’LD9 = ’,G13.6,4X,’YD9 = *,613.6)
& WRITE (%, 1790)
1790 FORMAT (1X, 7 SREREKERR R R R R R R R R R R )
WRITE (%, 1800)
1800 FORMAT (1X, ? R R R R R E L ? )
c
c
C  CONVERSION OF DATA INTO STATE SPACE FORM
c
C
D = 1.0 - ((BIXZXBIXZ)/(BIXX¥BIZZ))
R1 = BIXZ/BIZZ
R2 = BIXZ/BIXX
c

PBNB = (BNB + R1XBLB)/D
PBNP = (BNP + R1XBLP)/D
PBNR = (BNR + R1XBLR)/D
PBND1 = (BND1 + R1XBLD1)/D

PBND2 = (BND2 + R1XBLD2)/D
PBND3 = (BND3 + R1%xBLD3)/D
PBND4 = (BND4 + Ri%XBLD4)/D
PBNDS = (BNDS + R1XBLDSI)>/D
PBNDE& = (BND6 + R1XBLDE)/D
PBND7 = (BND7 + R1%BLD7)/D
PBNDB = (BND8 + R1XBLD8)/D
PBND9 = (BND9 + R1XBLD9)/D

oy PBLB = (BLB + R2XBNB)/D
PBLP = (BLP + R2XBNP)/D
PBLR = (BLR + R2XBNR)/D
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(BLD1 + R2XBND1)/D
(BLD2 + R2XBND2)/D
(BLD3 + R2XBND3)/D
(BLD4 + R2XBND4)/D
(BLDS + R2XBNDJ)/D
(BLD6 + R2XBND6)/D
(BLD7 + R2XBND7)/D
(BLDE8 + R2xBND8)/D
(BLD9 + R2%BND9)/D

PBLD1
PBLD2
PBLD3
PBLD4
PBLD3
PBLDéE
PBLD7
PBLD8
PBLD9

PBYB = BYB/U
PBYP = SAL
PBYR = -CAL
PBYPHI = 32.2%CTH/U
PBYD1 = BYD1/U
PBYD2 = BYD2/U
PBYD3 = BYD3/U
PBYD4 = BYD4/U
PBYDS = BYD3/U
PBYD&é = BYD&/U
PBYD7 = BYD7/U
PBYD8 = BYDB/U
PBYD9 = BYD9/U

c

CC LATERAL DIRECTIONAL STATE MATRIX

>

c
DO 1805 I=1,5
DO 1806 J=1,5

1806 DIRMAT(I,J)=0.0
1805 CONTINUE

DIRMAT(1,3)=1.0
DIRMAT (2, 1)=PBYPHI
DIRMAT (2,2)=PBYB
DIRMAT (2, 3)=PBYP
DIRMAT (2, 4)=PBYR
DIRMAT (2, 5) =32, 288TH/U
DIRMAT (3, 2)=PBLB
DIRMAT (3, 3) =PBLP
DIRMAT (3, 4)=PBLR
DIRMAT (4, 2) =PBNB
DIRMAT (4, 3)=PBNP
DIRMAT (4,4) =PBNR
DIRMAT (55, 4)=1.0

OUTPUT THE STATE MATRIX

OO0O0O0O

WRITE (%, 830)
WRITE(x, 1810)

1810 FORMAT("1’,2X,'LATERAL DIRECTIONAL STATE MATRIX?)
WRITE (%X, 1820)
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1820 FORMAT(’0’,5X, "STATES = PHI,BETA,P,R,PS81’)
WRITE (%, %)
WRITE(%,1825) (DIRMAT(1,1),I=1,5)
WRITE(%X,16825) (DIRMAT(2,1),I=1,5)
WRITE(X, 1825) (DIRMAT(3,1),I=1,5)
WRITE(X, 1825) (DIRMAT(4,1),I=1,5)
WRITE (X, 1825) (DIRMAT(S,1),I=1,%)
WRITE(S, %)

1825 FORMAT(’07,2X,5(611.4,4X) )

LATERAL DIRECTIONAL INPUT MATRIX

DO 1830 I=1,9
DIRBMAT(1,1)=0.0

DIRBMAT(S, 1)=0.0

1830 CONTINUE

DIRBMAT (2, 1)=PBYD1
DIRBMAT (2, 2) =PBYD2
DIRBMAT (2, 3)=PBYD3
DIRBMAT (2, 4)=PBYD4
DIRBMAT (2, 5) =PBYDS
DIRBMAT (2, 6) =PBYD6
DIRBMAT (2, 7)=PBYD7
DIRBMAT (2, 8) =PBYD8
DIRBMAT (2, 9)=PBYD9
DIRBMAT (3, 1) =PBND1
DIRBMAT (3, 2) =PBND2
DIRBMAT (3, 3) sPBND3
DIRBMAT (3, 4) =PBND4
DIRBMAT(3,5)=PBNDS
DIRBMAT (3, 6)=PBND6
DIRBMAT (3, 7)=PBND7
DIRBMAT (3, 8)=PBND8
DIRBMAT (3,9) =PBND9
DIRBMAT (4, 1)=PBLD1
DIRBMAT (4,2) =PBLD2
DIRBMAT (4,3)=PBLD3
DIRBMAT (4, 4) sPBLD4
DIRBMAT (4, 5) =PBLDS
DIRBMAT (4, 6) =PBLD6
DIRBMAT (4, 7)=PBLD7
DIRBMAT (4, 8) =PBLDE
DIRBMAT (4,9)=PBLD9

PRINT OUT THE INPUT MATRIX

WRITE (%, 1850)

1850 FORMAT(’0,2X,’LATERAL DIRECTIONAL INPUT MATRIX’)
WRITE (X, 1860)

1860 FORMAT(’0’,4X,’FOR INPUTS: DEL1=RUDDER,DEL2=DIFF CAN')
WRITE(%, 1670)

1870 FORMAT( 6X,'DEL3=DIFF STAB, DEL4=DIFF AIL, DELS<DIFF TEF')
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WRITE(X, 1880)
1880 FORMAT(6X,’DEL6 TO 9 ARE REVERSER VANE PORTS')
N WRITE (%, 1890)
oo 1890 FORMAT(’0’ ,SX, RON1’, 11X, 'ROW2’ , 11X, ROW3’ , 11X, "ROW4? , 11X, * ROWS' )

b’ "
4, %y

o DO 1900 I=1,9
AN WRITE(%, 1825) (DIRBMAT(J,I1),J=1,5)
RS 1900 CONTINUE

B2 0 421
) 450 CONTINUE
END
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b /gt,stolbin
VRN FILE STOLBIN RETRIEVED
S /g ke d ok g K ke ok ok 3k ok ke k ok 3k 5 vk ok ok ok ok ok 3 ok 3k ok sk 3k 3k ke 3k 3 ok gk %k ok 3k ok ok %k k k
i x*x%x STABILITY DERIVATIVE TRANSFORMATION PROGRAM %%
o K 3 5 3k 5 3k e K 3k 3k K 3k 5k 2k 3k 3k 3k 3k ok 3k 3k ok 5k ok sk ok %k ok ok 5 3k 3k ok ok ok ok ok ok ok kK
e ENTER BODY AXIS (NON-DIMENSIONALIZED)> COEFFICIENTS
< FOR TRANSFORMATION TO DIMENSIONALIZED BODY AXIS
. AND TO GENERATE STATE AND INPUT MATRICES.
NOTE: ALL COEFFICIENTS ARE REQUESTED WHEN COMPUTING
e K 3 K 3k 3 3k e K ok 3k ok ok sk sk ok ok ok gk ok ok ok Sk ok sk ok ok 3k ok ok ok ok ek ok ok sk % ok ok e ke
TO TRANSFORM ONLY LONGITUDINAL DATA ~ TYPE LONG
TO TRANSFORM ONLY LATERAL-DIRECTIONAL DATA - TYPE LAT
TO TRANSFORM BOTH LONG AND LAT-DIR DATA - TYPE BOTH
KEYWORD = long
3K 3k 3 K ok ok ok 3k 5 3k 3k 3k ok ok 3k ok ok ok K ok ok ok ok ok ok ok ok 3k ok ok ok ok kR ok ke k ok ok k ok Kk
Q@ (DYNAMIC PRESSURE =~ LBS/FTx%x2) = 48.06
S (WING REFERENCE AREA - FTxx2) = 608
C (WING MEAN AFRODYNAMIC CORD - FT) =
B (WING SPAN - FT) = 42.7
VT (TRIM VELOCITY - FT/SEC) =
THETA (PITCH ANGLE - DEGS) =
W (WEIGHT - LBS)> = 33576
INERTIAS MUST BE INPUT IN BODY AXIS.

&

~
‘
rl

v e
,

[AAAS
N

20

15.9399

200
11.5840

I[XX

(SLUG-FTx%x2)
(SLUG-FTx%x2)
122 (SLUG-FTxx2)

IYY

23634
181837
199674

IXZ (SLUG-FTxx2) -3086
e % % Fe K K e e e e ke k3 ok 3k e ok ok ok ok 3k ok ok T e e e ok e ok 3k 3k ok ok %k ok ek ok k Kok
AIRCRAFT PARAMETERS
(DYNAMIC PRESSURE - LBS/FT%x%x2) = 48.0600
(WING REFERENCE AREA - FTxx2) = 608.000
(WING MEAN AERODYNAMIC CORD - FT) = 15.9399
(WING SPAN - FT) = 42.7000
S VT (TRIM VELOCITY - FT/SEC) =
y THETA = 11.5840
- W (WEIGHT - LBS)
- IXX (SLUG-FTxx%x2)
e [YY (SLUG-FT*xx%x2)
e 122 (SLUG-FTxx%x2) 199674.
'{f [XZ (SLUG-FT*x%x2) -3086.00
SO e 3 % e Je K K % K K e 3 Kk ok 3k 3k 3k K %k 3 K K A ok K K ok ok ok ok ok ok s Sk k% ok ok ok ok ok ok ok 3k k ok
" [S THE ENTERED DATA CORRECT ? (YES/NOO
fo ? vyes
X e X % % K 3 kK kK Kk K 3k 3k ok %k 5k ok 3 % K K %k kK K K Kk ok ok ok 3k 5k % 3k % ok ok ok ok ok ok ok ok k
ALPHA (DEG) = 11.5840
CZA -.0796233
CXA .208763
CMA .931356e-02
cZa 0
cXa 0
CMQ -.169490
czu .658418e-2
CXU -.246580

s

i
RUICVIEN IRV IEN IO REN IS JEV IV IRV IRV ROV

> .
e
.

mWOWD

200.000

33576.0
23634.0
181837.

?
?
?
?
?
?
?
?
?
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e
N ? CMU = -.0140683
o8 ? C2ZH = ~-.181866e-4
S ? CXH = .681123e-3
) ? CMH = -.388591e-4
o ? C2ZDl = -.257164e-2
5 ? CXDt = -.153014e-2
" ? CMD! = .57288e-2
3 ? CZD2 = -.955232e-2
% ? CXD2 = -.201656e-2
) ? CMD2 = -.107546e-1
. ? CZD3 = -.4888427e-2
- ? CXD3 = .136541e-2
e ? CMD3 = .112899e-2
Lo ? C2D4 = =-.451559e-2
g ? CXD4 = .925632e-3
; ? CMD4 = -.214211e-2
e ? CZD5 = .135028e-2
- ? CXD5 = -.340353e-2
o ? CMD5 = ,129075e-2
Lo ? C2ZD6 = -.135028e-2
s ? CXD6 = -.340353e-2
° ? CMD6 = ~-.137616e-2
T ? C2ZD7 = .135028e-2
S ? CXD7 = -.340353e-2
o ? CMD7 = .129075e=-2
L ? CZD8 = =-.135028e-2
et e ? CXD8 = =.340353e=2
s ? CMD8 = -.137616e-2
-.* b2 2 3 8 28 28 8888 3838 883383 3 803232323333 8333338382833 3338 824
3 ALPHA = 11.5840
T LONGITUDINAL NON-DIM BODY AXIS COEFFICIENTS(!/DEG)
> CZA = -.796233E-01 CMA = .931356E-02 CXA = .208763E-03
0 czZa = O. CMQ = =-.169490 cXa = 0.
9 CZH = -.181866E-04 CMH = -.388591E-04 CXH = .681123E-03
i CZU = .658418E-02 CMU = -,140683E-01 CXU = =-.246580
e CZD1= -.257164E-02 CMD!1 = .572880E-02 CXD! =-.153014E-02
A CZD2= -.955232E-02 CMD2 = -.107546E-C1 CXD2 =-.201656E-02
o CZD3= -.488427E-02 CMD3 = .112899E-02 CXD3 = .136541E-02
U] CZD4= -.451559E-02 CMD4 = -.214211E-02 CXD4 = ,925632E-03
) CZD5= .135028E-02 CMD5 = .129075E-02 CXD5 =-.340353E-02
e CZD6=-.135028E-02 CMD6 = -.137616E-02 CXD6 =-.340353E-02
CZD7= .135028E-02 CMD7 = .129075E-02 CXD7 =-.340353E-02
N CZD8=-.135028E-02 CMD8 = -.137616E-02 CXD8 =-.340353E-02
-Z::- % e k% e K K Kk K % kK sk ok sk ke Kk ke Kk ok ok & %k gk ok 3k Kk ok ok ok ke ok sk ok ok ok k ok kK
o IS THE ENTERED DATA CORRECT ? (YES/NO)
? yes
'.: % 3k K Kk sk Kk kK Kk gk Sk kK ke k %k kK ke ok ke ko gk ke kK 3k ke kK ok e gk ke 5k sk %k ok % %k k% %k k ok
N LONGITUDINAL AXIS DIMENSIONAL DERIVATIVES
: BODY AXIS (1/RAD)
s ZA = =-127.843 MA = 1.36688 XA = .335190
oy 26 = 0. M@ = =-.991250 Xa = 0.
s - ZH = -.254821E-05 MH = =.497684E-06 XH = .954355E-04
RN 2U =  .184508E-02 MU = =-.360356E-03 XU = -,690991E-0!
S
s
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2Dl= =-4.12902 MD1 = .840770 XDl = -2.45679
2D2= =15.3372 MD2 = =1.57837 XD2 = =3,23779
2D3= =7.84218 MD3 = .165693 XD3 = 2.19230
ZD4= -7.25022 MD4 = -.314380 XD4 = 1.48619
2D5= 2.16801 MDS = . 189433 XD5 = -5.46470
Z2D6= =-2.16801 MD6 = =-.201968 XD6 = ~5.46470
2D7= 2.16801 MD7 = . 189433 XD7 = =5.46470
2D8= -2.16801 MD8 = =-.201968 XD8 = =5.46470
-3 3 Jc Jc K J e Je e e e A kA e ke ok ok ke ok vk gk gk vk ke ke vk e ok ok ke ok ok ok ok ok ok ok dk ok ok ok ok ok ok ok Kk ok ok ok

1 LONGITUDNAL STATE MATRIX(BODY AXIS)

O FOR STATE1=U,STATE2=Q,STATE3=ALPHA,STATE4=THETA

0 -.690991E-01 -40.1609 .335190 =-31.5441
0 -.360356E-03 -.991250 1.36688 0.

0 .922542E-05 .979631 -.639215 -.323295E-01
0 0. 1.00000 0. 0.

0 LONGITUDNAL INPUT MATRIX

FOR DEL1=CANARD,DEL2=STAB,DEL3=TEF,DEL4=DR AILERON
DELS5=RT RV, DEL6=RB RV, DEL7=LT RV, DEL8=LB RV

o ROW! ROW2 ROW3 ROW4
=-2.45679 .840770 -.206451E-01 0.
-3.23779 -1.57837 -.766859E-01 0.

2.19230 . 165693 -.392109E-01 0.
1.48619 -.314380 -.362511E-01 0.
=5.46470 . 189433 .108400E-01 0.
-5.46470 -.201968 -.108400E-0! 0.
-5.46470 . 189433 .108400E-01 0.
-5.46470 -.201968 -.108400E-01 0.

A K 3 % e 3 ok sk e A e ok ko e ok g ok gk e ok ok k ko ok ok ok ok ok ok ok ok ok ok e ke K ok
IS ANOTHER PROGRAM RUN DESIRED ? (YES/NO)
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APPENDIX C. QTOL F-15 DATA

This appendix presents the data used in this study.
The data shown has been reduced via the program STOLCAT
(Appendix B> and is given only for the longitudinal mode.
The original data from McDonnell Douglas [23] consisted of
a list of aircraft size, weight, structural parameters, and
nondimensional stability derivatives for linearized
equations of motion. Data were given for eight flight
conditions, four of which are used in this study. The data
for the first flight condition, about which the contrclier
is designed, is listed in Appendizx BE. The remaining data
points; for the aircraft at sea level, normal landing grozs
welynt, at 10C Knots; sea level, heavy landing gross
weight, at 120 Knots; and at 10,000 feet altitude, norma:
gros: weight, at 120 knotss are listed respectively ia tnis

appendix.
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A, 1,
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Pt
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.
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2 o
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.
2 a0
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SEEDEPN 5

KX X

.'b Q'. .’Q L3} _.;'r&: .n -

3k X 3k e 3k ok ok 3k 3k 3k ok e ok e ok ok ke ok 5 3k e 3k ok 3k ok e ok o 3k ok ok ok 3k ok ok ok ok ok ok ok ok ok Kk k
AIRCRAFT PARAMETERS

Q@ (DYNAMIC PRESSURE - LBS/FTx%x2) = 39.6400

S (WING REFERENCE AREA - FTxx2) = 608.000

C (WING MEAN AERODYNAMIC CORD - FT) = 15.9400

B (WING SPAN - FT) = 42.7000

VT (TRIM VELOCITY - FT/SEC) = 168.000

THETA = 17.3952

W (WEIGHT - LBS) = 33576.0

IXX (SLUG-FTx%x2) = 23644.0

IYY (SLUG-FTx%x2) = 181847.

12Z (SLUG-FT%xx2) = 199674.

iXZ (SLUG-FTxx2) = =-3086.00

% J e de Je K ek T e gk sk K e d kv ke ke ke e dke e ok o dk vk 3k ok sk 3k de vk sk dk sk e Sk dke vk k3 3k Sk Kk

ALPHA = 17.3952
LONGITUDINAL NON-DIM BODY AXIS COEFFICIENTS(1/DEG)

CZA = -.666000E-0! CMA = .845000E-02 CXA = .168000E-01
cZza = 0. cM@ =-,177000 CXa = 0.
CZH = -.211000E-03 CMH = .200000E-03 CXH = .103000E-02
CZU = =-1.47000 CMU = .864000E-01 CXU = .438000E-01
CZ2D1= -.4080C0E-02 CMD1= .615000E-02 CXD1=-.131000E-02
C2D2= -.114000E-01 CMD2= -.114000E-01 CXD2= .159700E-03
CZ2D3= -.561000E-02 CMD3= .431000E-03 CXD3= .176000E-02
CZ2D4= ~.409000E-02 CMD4= -.142000E-02 CXD4= .128000E-02
CZb5= .290000E-02 CMD5= .284000E-02 CXD5=-.420000E-02
C2D6= -.157000E-02 CMD6é= -.242000E-02 CXD6=-.488000E-02
CZ2D7= .290000E-02 CMD7= .384000E-02 CXD7=-.420000E-02
CZ2D8= ~-.157000E-02 CMD8= -.242000E-02 CXD8=-.488000E-02

X 36 3% % Kk 3k 5k % ok 3k %k % ok 3k ok 3k % ok 3k % ok 5k ok 3k ok ok 3k 3 ok ok g ok gk ok ok ok 3k ok 3k ok ok 3k 3 ok 3k % ok 3k k
1 LONGITUDNAL STATE MATRIX(BODY AXIS)

FOR STATE1=U,STATE2=Q,STATE3=ALPHA,STATE4=THETA

.120520E-01 -50.2254 22.2483 =30.7273

.217287E-02 -1.01640 1.02282 0.

-.240765E-02 .954265 -.524991 -.573008E-01
0. 1.00000 0. 0.

0 LONGITUDNAL INPUT MATRIX

FOR DEL1=CANARD,DEL2=STAB,DEL3=TEF,DEL4=DR AILERON

DELS5=RT RV, DEL6=RB RV, DEL7=LT RV, DEL8=LB RV

ROW! ROW2 ROW3 ROW4
-1.73483 .744418 -.321616E-01 0.
.211491 -1.37990 -.898633E-01 0.
2.33077 .521698E-01 -.442222E-01 0.
1.69511 -.171882 -.322404E-01 0.
-5.56207 .343764 .228600E-01 0.
-6.46259 -.292926 -.123759E-01 0.
~5.56207 .464808 . 228600E-01 0.
-6.46259 -.292926 -.123759E-01 0.
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Akkkdkkkdkhkhhkkkhkkhkkdkkkkhkdkhkdkkhkdkkkkrkkkhkkkkkk k%
AIRCRAFT PARAMETERS

@ (DYNAMIC PRESSURE - LBS/FTxx2) = 48.8700
S (WING REFERENCE AREA - FTxx2) = 608.000
C (WING MEAN AERODYNAMIC CORD - FT) = 15.9390
B (WING SPAN - FT) = 42.7000

VT (TRIM VELOCITY - FT/SEC) = 201.100

THETA = 15.4400

W (WEIGHT - LBS) = 43511.0

IXX (SLUG-FTxx2) = 35215.0

IYY (SLUG-FT*x%x2) = 190800.

122 (SLUG-FT*x*x2) = 219105.

IXZ (SLUG-FTxx2) = -2881.00

J 5k e e e sk %k kK sk ek %k sk e ke k sk vk sk Kk ke k3 vk ke gk ok ok sk ke 3k ok gk ok sk ke ke 3k ok k %k ok ok ok

ALPHA = 15.4400

LONGITUDINAL NON-DIM BODY AXIS COEFFICIENTS(!/DEG)

CZ2A = -.784900E-01 CMA = .957400E-02 CXA = .150900E-02
cZa = 0. CM@ = ~-.169000 CXa = O.

CZH = -.167600E-03 = .176600E~-03 CXH = .666L00E-03
C2U = -1.06500 = ,639400E-01 CXU =~-.619300E-02
C2D1= -.263600E-02 = .557600E-02 CXD1=-.155200E-02
C2ZD2= -.831500E-02 = =.102000E-01 CXD2=-.274900E-03
CZ2D3= -.559100E-02 .852100E-03 CXD3= .115700E-02
C2D4= -.450800E-02 -.211100E-02 CXD4= .942100E-03
C2ZD5= .189600E-02 .255400E-02 CXD5=-.312000E-02
CZD6= -.742200E-03 -.130100E-02 CXD6=~-.359500E-02
C2D7= .189600E-02 . 255400E-02 CXD7=-.312000E-02
CZ2D8= =-.742200E~03 -.130100E~02 CXD8=-.,359500E-02

e e s e e e e e e e ek ke Fe e K sk e ke %k v ke e e ke ke vk v g sk ek sk e ke sk ok ke ke ke e ok ok ok ok ok ok ko

LONGITUDNAL STATE MATRIX(BODY AXIS)

O FOR STATE1=U,STATE2=@,STATE3=ALPHA,STATE4=THETA

-.135432E-02 -53.5387 1.90114
.157841E-02 -.952482 1.36158

-.115813E-02 .963910 -.491731
C. 1.00000 0.

LONGITUDNAL INPUT MATRIX

-31.0379

-.426284E-01

FOR DEL!1=CANARD,DEL2=STAB,DEL3=TEF,DEL4=DR AILERON
DEL5=RT RV, DEL6=RB RV, DEL7=LT RV, DEL8=LB RV

ROW1 ROW2 ROW3
-1.95532 .793002 -.165142E-01
-.346338 -1.45061 -.520925E-01

1.45767 .121183 -.350270E-01
1.18692 -.300220 -.282421E-01
-3.93079 .363222 .118782E-01
-4.52923 -.185024 -.464980E-02
-3.93079 .363222 .118782E-01
-4,52923 -.185024 -.464980E-02
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e
9
}' . % % % J & % J J Kk % A dk gk ke ke ke %k dc kK ok ke sk ke d ek ok e o e sk e vk ke e g e ok ok ke ok e ok ke ko
by e AIRCRAFT PARAMETERS
H @ (DYNAMIC PRESSURE - LBS/FTxx2) = 35.1200
. S (WING REFERENCE AREA - FTx%x2) = 608.000
)" C (WING MEAN AERODYNAMIC CORD - FT) = 15.9400
: B (WING SPAN - FT) = 42,7000
3\ VT (TRIM VELOCITY - FT/SEC) = 200.000
- THETA = 16.4279
: W (WEIGHT - LBS) = 33576.0
v IXX (SLUG-FTxx2) = 23644.0
N IYY (SLUG-FTxx2) = 181847.
o 12Z (SLUG-FTxx2) = 199674.
~ IXZ (SLUG-FTx%2) = =3086.00
\. 3 ¢ % % Je Je Fe e Kk vk k% %k ok sk ke sk %k e %k %k e gk sk ok ok o ke gk dk ok dke ok ke e %k ok 3k sk ok vk ok ok ke k k%
W ALPHA = 16.4279
LONGITUDINAL NON-DIM BODY AXIS COEFFICIENTS(1/DEG)
3 CZA = -.687596E-01 CMA = .706499E-02 CXA = .179080E-01
. cza = 0. cM@ = -.176840 cxa = 0.
- CZH = -.212076E-03 CMH = .184559E-03 CXH = .116490E-02
™ CZU = -1.43120 CMU = .623987E-01 CXU = .491830E-01
% CZD1= -.417763E-02 CMDl= .606027E-02 CXDl=~-.126310E-02
e CZD2= -.115909E-01 CMD2= =-.114406E-01 CXD2=-,395643E-03
_ CZD3= -.553756E-02 CMD3= .675633E-03 CXD3= .172800E-02
» CZD4= =-.422113E~-02 CMD4= -.157480E-02 CXDd= .124458E-02
0 CZD5= .245366E-02 CMD5= .319344E-02 CXD5= 0.
N CZD6= -.161307E-02 CMD6= =-.231230E-02 CXD6=-.354056E-02
K CZD7= .245366E-02 CMD7= .319344E-02 CXD7=-.300115E-02
R L)Y CZD8= -.161307E-02 CMD8= ~-,231298E-02 CXD8=-.354056E-02
] % e % e vk He ok ke sk e Ak e sk ek ke ke ok dke ke ok sk ke sk ok sk ke ke sk gk sk ke dke sk Tk vk e ke de ke %k ek ok
[+ 1 LONGITUDNAL STATE MATRIX(BODY AXIS)
N 0 FOR STATE1=U,STATE2=Q,STATE3=ALPHA,STATE4=THETA
' .100716E=-01 ~56.5617 21.0114 -30.8855
& .116793E-02 -.755739 .757660 0.
“ -.146540E-02 .959176 -.403377 -.455322E-01
c; 0. 1.00000 0. 0.
¥ 0 LONGITUDNAL INPUT MATRIX
.. FOR DEL!=CANARD,DEL2=STAB,DEL3=TEF,DEL4=DR AILERON
- DEL5=RT RV, DEL6=RB RV, DEL7=LT RV, DEL8=LB RV
%, ROW1 ROW2 ROW3 ROW4
i ~-1.48199 .649912 -.245080E-01 0.
> -.464206 -1.22691 -.679978E-01 0.
~ 2.02746 .724559E-01 -.324860E-01 0.
N 1.46026 -.168884 -.247632E-01 0.
¢ 0. .342469 .143943E-01 0.
> -4.15413 -.247974 -.946304E-02 0.
ﬁ -3.52124 .342469 .143943E-01 0.
S -4.15413 -.248047 -.946304E-02 0.
a_' \‘ .
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APPENDIX D. FQUR-INPUT/FOUR-QUPUT MODE

¢ ¢

L 2
A \fﬁa D-! Introduction

The controller designed in the main body of this study

2,

;3 Is for a three-input/three-output system. This has been
F? done so the results would be directly comparible to the
’:E results of similar design efforts done via the Porter
t:& method [1]). As this 1s not a limitation of the deslign
. procedure, an example of a higher dimension system is given
Si in this appendix. It should be noted that this controller
’g? was deslgned in one CGTPIF session and that it was not
:;; possible to evaluate the controller with ODEF15, as that
i: software could not be easily modified for the increase in
ii; dimenslons. Therefore, only a time history of the output
& {;Fx; variables and the control inputs (from CGTPIF) are
E; , presented.
; D=2 The Design Set Up
o For the purposes of thlz desigrn, [t woz decided to
-
?ﬁ uze the flaps and aileron, decoupled from the canard, a:
fg the additional input, and angle of attack as the asdditional
o output. A5 a result the A matrizx of Equation (4-3) is
fi unchanged, but the control input matrizx becomes:
= [-2.45679 -3.23779 2.58234  -21.8588]
S -.84077 -1.57837 -.231534 -.02507
N B = (D-1)
:5; -.020645 -.0766859 -.055866 0
fj{ L o 0 0 o
' ‘fﬁ
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1

0
0
0

0
1
0
0

0
0
1
1

0
0
0

1

-

assoclated output matrix is:

(D-2)

All other design model matrices remain as in Chapter 4.

The

p-

-.05

0

0

with the By, Cp, and D, matrices still zero.

is

fourth state.

from the three~input/ three-output model and,

few
derivatives
and f

pse

aileron combination,

The only change to the explicit model

iterations,

0

b

the same as seen

0
~-.05
0

0

implicit model becomes

0

(D-3>

The A, matrix

in Equation (5-9) with angle of attack

inserted as the third state and flight path angle now the

The impliclit welghtings were extrapolated

docontrol rates

tyht path angle,
for

and reverseyry vanes,

of the velocit

respectively;

th

v,

e

pitch rate,

canard,

were finalized at

is now the four by four matrix:

-1 \ ‘-’-‘.\-Jh‘....-.u.l‘.
*\ ‘\ O e, o,

0

‘.;-

.

after a very

1:1:1:4 for the ocutput

anjyle

and 211 for tho

stabilator, flap/
in that order.

is

that the Cp matrix

0 0
o 0
4 (D-4)
0 o
! 0 |
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which has the same characteristics as Cp of Equation
(4-13).

The truth model changes in that the actuator dynamics
of the flap/aileron combination are now added to the A¢
matrix (Equation 4-16), increasing that to an eleven by
eleven matrix, with a proportionate lncrease in the

dimensions of the other truth model matrices,

D-3 Flnal Controller for the Four-linput/Four-output Systen

After a very few iterations through CGTPIF, the
following gain matrices were developed for the four-input/

four=output systen,

 .01184 -10.41 95.65 2047
-.003348 -9.706 -2.068 1432
Ky = (D-5)
-.006805 22.27 -396.6 5563
| -3.401 5.446 -57.84 1119
[ no:ans -2 63 1.5l -.2615
REERE -.7615 -1.042 =1.222
o (0=8)
GCLans LIRS S -7 .304 -, 312z
[ -.08332 1.579 -.9434 L1275
.011649 -17.2 04566 =-.01594 |
~.003493 -9.,778 1395  =-.009605
Kem = (D-7)
~.006351 43.09 1513  .036301
[~3.404 6.826 -1.443 . 006357 |
163
e ;:’_ ::1"»:,—.&'('- 5 " '-:"-'“'-::‘\ e :ﬂ. o "-;:“'\: :-.;“_:-.::::"-."'-.::‘._'; ..\-;:_;} RN \""\. -

'!’\ e

<o,

J‘\!‘ * 1' Q)



[ -.0093608

-.0063333
Kxu = (D-8)
.018368

.0037175 |

The time-response for this controller can be seen in
Figures D-1 and D-2. This response is similar to those for
the three-input/three-output system (Figs. 5-7 and 5-8),
but the overshoot is slightly smaller. The advantage to
having control over an additional input and output is that
one may exert tighter control over the system and also
independent control over more separate channels
(variables), so that compromises in overall performance
(and robustness) ought to be less severe. One must also
take into account the additional computation time involved
with the hlgher dimensionality and the trade-offs between

accuracy and computation time must be considered.

.
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. FINAL 4-INPUT/4-0UTPUT CONTROLLER
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Output Variables for a Four-lnput/ Four-
Output System (1) Velocity (fps) (2> Pitch
Rate (rad/sec) (3) Flight Path Angle (rad)
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; APPENDIX E. ACTUATOR_COMBINATION AND ORDER REDUCTION

: hﬁ:! E-1 Introductlon

This appendix considers the actuators of the STOL F-15.

N
] There are two maln concerns with the actuators in this

study. Flrst, as there are more system inputs than

: outputs, and as CGTPIF requles these to be equal, a number
5 of lnputs must elther be combined, excluded from

consideration, or the number of outputs to be controlled
could be lncreased to match the number of inputs available.

This last alternative was not considered for the majority

% of this study to keep the results comparable with those

v% achieved using other design methods (1,7]1. For this study

;5 It was declded to combine the canard with the flaps and the
" u' aileron rather than delete the inputs from the latter two.

: o Secondly, the dynamics of the actuators must be taken into

account in any evaluation, if not the design, of a control

s law., Arn eczamination of possible reduction of the order of
Phese dyuamics 13 also consideved in this appeadix.
-0 Coabinetion of Rotuarars

L)

Each control surface contributes a given amount to

(g
[

y the generation of moments about the aircraft center of
gravity. If the contribution of a surface is neglected,
the controller designed, or evaluated, is suboptimal. For
{

; the purpose of this study, rather than delete the inputs

}

for the flaps and allerons, the effects of these control

8 ﬂﬁ:} surfaces wlill be comblned with the canard. To accomplish
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this comblnation, two factors are consldered, position and

ANy
\‘.)_‘-1"“ .
Qfﬁu rate limits, in scallng the contribution of each surface to

the combined input. In this case the rate limit for the
canard, 23 degrees per second, ils by far the more
restrictive limit. For position limits, it is desired that
an input that would saturate a control surface would
saturate all of the comblined surfaces simultaneously. To
accomplish this, the contribution of each surface is
welghted as to the minimum distance it can travel before
saturating. For the canard/flap/aileron combination of the
STOL F-15, the ratio for these inputs is 1:.16667:.5. The
terms of the control input matrix (see data listing in
Appendix A) for each of the appropriate control surfaces is
!;“ multiplied by the given weight, the products are then added
together, and the resulting sum is then inserted into the
first row of the B matrixz. The resulting control input

matriz is shown in Equation (4-4).

-2 QCrder Poduction of Actuatcr Dvnamic:-

(ne original actuator moadols tov the stzpilitor and
canard, as provided ky McDonnell Douglas [231, are third
order with a real pole at -30.62 and a complex pair at
-138.63 + 3 235.06. To reduce the order of the actuator
model to second order, frequency domain analysis

is performed on the third order model and a proposed second

o order replacement is generated. Figure E-1 demonstrates
¢ o
ﬁﬁ S;Kf‘ that the reduced order model has the same low frequency
wo
RN
Y
‘.)& 168
h 3
@

S S IR IR S P . - R
N N e e T T T T \\ -
ER R TR €A PR

R A PR PR
, {«*‘t&‘l‘;ﬁ‘\ St x_“\.‘.t.. Lra L.‘-. L y I\

.._\»h.LﬁLnn.L‘- xL.\_'L \i_.._ Y

“.\ \\\"
\‘. LR ;_\

=




G IV A e
N )
.A."..JL.T‘.‘L\..\ .

J3S/06Y) AIN3INOD3Y4 .
201,68¢9 5t ¢ 2  01,69:9 s

i Il I i

3 :_\.
™)

LA St Aait Aot Aat lia’ ghar Sad fine far oo |

- -
-

001

m
[en]
—_—
L3
[}
~
-]
'z
|-
)
~N

S
.
-
»

L

T
GG

00°03-
'

.-l
>

LBk Sk aoe

05 "Ly
INJOGW

T

A el a0 aa g

00°SE-
30N1
169

LAl maus 4
v

v

]

Qs zz-
(S71391330)

Frequency Response for Second and Third
Cs
..

Order Actuators
(-
v

Ty
IR

00701~

T T

Figure E-1.
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characteristics as the third order model and that it is not
until the high frequency band that the models show widely
differing responses and these high frequency effects can

be neglected as being outside the bandwidth of Interest.
Therefore, the second order model is assumed to be a proper
substitute for the stabilator and the canard actuators.
This reduced order model 1s used to ease computational
loading for designs that include actuator dynamics in the
design model, which 1s not the case In thils study, or to
reduce the order of the truth model used for controller

evaluation, once again for computation efficiency.
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